A Spectroscopic Study of Some Cyclic Polycarbonyls And Related Compounds. by Skujins, S.
- 1 -
Department of Chemical Physics
A spectroscopic study of seme cyclic polycarbonyls 
and related compounds.
S. Skijins.
A Thesis submitted to the University of Surrey 
for the depree of Doctor of Philosophy.
October 10683 University of Surrey,
£) s o ' v-
ProQuest Number: 10803846
All rights reserved
INFORMATION TO ALL USERS 
The quality of this reproduction is dependent upon the quality of the copy submitted.
In the unlikely event that the author did not send a com p le te  manuscript 
and there are missing pages, these will be noted. Also, if material had to be removed,
a note will indicate the deletion.
uest
ProQuest 10803846
Published by ProQuest LLC(2018). Copyright of the Dissertation is held by the Author.
All rights reserved.
This work is protected against unauthorized copying under Title 17, United States C ode
Microform Edition © ProQuest LLC.
ProQuest LLC.
789 East Eisenhower Parkway 
P.O. Box 1346 
Ann Arbor, Ml 48106- 1346
I am indebted to my supervisor, Dr. G.A. Webb, for his help 
and encouragement.
I should also like to thank Dr. M. V/itanowski, Mr. J.P. Eloxsid 
and Mr. J. Delderfield for some of the spectroscopic measurements.
Thanks are due to Dr. R. Grinter for the use of his computer 
programmes and the University of Surrey computing unit staff for the 
calculations.
Thanks are also due to Mrs. V. Saunders for typing the script.
A research studentship from the University of Surrey is 
gratefully acknowledged.
- 3 -
Abstract
The object of this work was to investigate the structures of 
seme monocyclic polycarbonyl compounds and their condensation products. 
Methods employed in this study include infrared, ultraviolet-visible, 
fH and llfN magnetic resonance spectroscopy and mass spectrometry.
The electronic spectra of tetrahydroxy-p-benzcquincne, 
rhodizcnic acid, croconic acid and squaric acid are interpreted on the 
basis of Par is er- Parr- Pop le LCAO-SCF-MO calculations.
The mass spectral fragmentation of the oxocarbons is 
characterised by the elimination of carbon monoxide fell wed by ring 
closure to yield the next lower member of the series. These measurements 
also indicate a gem-diol structure for rhodizonic acid dihydrate.
The isolation and both the spectroscopic and mass spectranetric 
studies of sane oxocarbon condensation products is reported. These studies 
confirm the structural features of the compounds 1,2,3,4-tetrahydroxy- 
phenazines, 2,3-dihydroxy-phenazine-l, 4-quincnes, phenazine-1,2,3,4- 
tetrones and polycondensation products. Pariser-Parr-Pople LCAO-SCF-MO 
calculations on 1,2,3,4-tetrahydroxy-phenazine and 2,3-dihydroxy- 
phenazine-l, 4-quinone provide a satisfactory basis for the interpretation 
of their electronic spectra.
Squaric acid condensation products have been isolated and 
studied. These compounds are shewn to have the l,2,3,S-tetrahydro-l,2- 
dioxo-cyclobuta-(b)-quinoxaline structure. Squaric acid also gives a 
salt with o-phenylenediamine from which octahedral copper and nickel 
complexes have been isolated and characterized.
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The currently proposed structures and oxidation - reduction 
equilibria of the monocyclic polycarbonyl compounds reviewed in this 
chapter are given below: (Diag. 1 .1 .)
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1.1. Historical in.troduct5.on
In 1823 Berzelius, Wbhler and Kindt1 observed the formation of 
a black solid by-product in the carbon reduction of potassium hydroxide 
to potassium metal. Hie isolation of both potassium croconate and 
croconic acid fran this by-product by Gmelin2, in 1825, represents one 
of the earliest syntheses of an "organic” compound from, "inorganic” 
starting materials, preceding Wbhler’s3 classic synthesis of urea by 
three years.
In 1828 Wbhler3 discovered that potassium metal reacted with 
carbon monoxide to yield a grey solid of composition, K6 C6 06, which was 
found to be a more convenient starting material for the production of 
both potassium croconate and croconic acid.1* The isolation of potassium 
rhodizonate and rhodizonic acid from the same reaction product by Heller5, 
in 1837, was unexpected. He quickly realized that rhodizonic acid was 
the precursor of croconic acid. This rhodizonic acid-croconic acid 
transformation was investigated by Nietzki and Benckiser6 9 7.
Leuconic acid, the oxidation product of croconic acid, was 
first prepared by Will8, in 1861, and a year later Lorch9 obtained 
triquinoyl, the oxidation product of rhodizonic acid.
Almost a hundred years later the synthesis of squaric acid was 
reported10, and in 1963, West and co-workers1 1 obtained its oxidation 
product octahydroxycyclobutane.
The suggestion of a resonance stabilized symmetrical structure 
for the croconate ion1 2  and a similar suggestion of a dclocalized electron 
structure for ‘the squarate ion1 0 led West ot al. 1 3 to propose that the 
di-anions of squaric acid, croconic acid, and rhodizonic acid are members 
of a general series of symmetrical electron-delocalized anions, CnQ^2'", 
salts of which may be considered as a new class of aromatic substances.
West and Powell1 4 have suggested the general name "oxocarbons” 
for substances cf this class, i.e. organic molecules or ions in which 
all or nearly all of the carbon atoms bear ketcnic functions or their 
equivalents.
t'JLU -
1 .2 . Syntheses and properties of oxocgrbons
(a) Croconic acid, rhodizonic acid and tetrahydroxy-p- 
benzoquinone.
Both croconic acid and rhodizonic acid have been isolated from 
the solid by-product obtained from the carbon reduction of potassium 
hydroxide2 ’ 5 and subsequently, from the reaction product obtained from 
the reductive cyclcpclymerization of carbon monoxide. 3 ? 4 ? 5 *
Although NietzIdL and Renckiser6 ’ 7 recognised that the product, 
KgCgOe j formed from potassium and carbon monoxide, was the hexa- 
potassium salt of hexahydroxybenzene, only recently have the reactions 
between alkali metals and carbon moncxide become better understood. 1 5 1!
The air oxidation of an aqueous solution of KgCeOg to potassium 
rhodizc-nate was understandable6 ’ 7 but the isolation of potassium croconate 
from the sane material was unexpected. 2 However, the recognition that 
rhodizonic acid was the precursor of croconic acid5 stimulated investigation 
of the rhodizonate-croconate transformation.6,7,19“21•
Nietzki and Benckiser1 9 had suggested a transformation scheme 
which was essentially correct, and it has since been recognised as an 
example of a base-induced a-oxoalcohol re-arrangement, related to the 
benzylic acid re-arrangement.22* (Diag. 1.2.)
Although the cyciopolymerisaticn of carbon monoxide to K6 C606, 
followed by oxidation, can be employed in the preparation of both 
rhodizonic acid and croconic acid other methods are often more 
convenient.
One of the most useful methods is the oxidation of the readily 
available natural product meso-inositol, from which both rhodizonic 
acid and tetrahydroxy-p-benzoquinone can be obtained. 2 0 ? 2 3 2 2 4 + 0  
(Diag. 1.3.)
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These fee oxocarbons may also be obtained by the oxidative 
trimerization of glyoxal. Hie process was discovered by Komollca2 5  
and has been studied and modified by several wcrhers. 2 6 3 0
Other methods for the preparation of rhodizonic acid have been 
reported and they involve either the persulphate oxidation of 1,4-diamino- 
2,3,5,6-tetraI'iydroxy-benzene3 1 or the bromine oxidation of tetrahydroxy- 
p-benzequinone. 3 2
Croconic acid is invariably prepared by the ring contraction of 
either rhodizonic acid or other six-membered ring compounds, such as 
hexshydrcxybenzene and tetrahydroxy-p-benzoquinone. 6 * 7 * 1 9 ? 2 1 •
(b) Squaric acid.
Squaric acid was first obtained by Cohen, Ladier and Parh, 1 0  
in 1S59, from the acid hydrolysis of 1,2,3,3-tetraethoxy-4,4-difluoro- 
cyclobutene, (Diag. 1.4.) and subsequently, it was isolated from both 
1,2-diethcxy~3,3,4,4-tetraf luorocyclobutene and fran 1,3,3-triethoxy- 
2“Chlcro-4,4-difluorocyclobutene. 3 3
Other syntheses of squaric acid are based on the readily 
aval lab le hexachlor obutadiene 034s35?36* I lexachlorobutadiene undergoes 
nucleophilic substitution to yield 1 -ethoxy-pentachloro-l,3-butadiene3 7  
which can be cyclized to perchlorocyclobutene, and hydrolysis of this 
yields squaric acid. (Diag. 1.5.)
The solutions of squaric acid, croconic acid and rhodizonic 
acid all give intense colours with ferric chloride, characteristic of 
ends, and all are strong acids, as shorn in Table 1.1.
Table 1.1. Acid dissociation constants of oxocarbons.
pha1 nha2 Ref.
Squaric acid 1.7 3.2 38
Croconic acid 0 . 6 8 1.97 39
0.2 - 0.3 1.3 - 1.5 40
Rlicdizonic acid 4.1 4.5 41
3.15 4.9 42, 43
Tetrahydroxy-p-benzoqu inone 4. 8 6 . 8 41
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Both croconic acid and rhodizonic acid are fairly soluble in 
water. The low solubility and high decomposition point (293*0 of 
squaric acid has been attributed to strong intcrmolecular hydrogen 
bonding. 1 0
(c) Leuconic acid, triquinoyl and octahydroxycyclobutane.
Leuconic acid was synthesised by Will, 8 in 1861, by the 
oxidation of either croconic acid or its alkali salts with chlorine or 
nitric acid. This has been the most frequently used method, although 
other methods have been reported.
Ccntardi4** has obtained leuconic acid by both electrolytic, 
and nitric acid oxidation of inositol. The latter method has been 
reported to be unsatisfactory since it yields a mixture of products. 2 0
The synth.esis of triquinoyl was achieved by Terch9 in 1862, by 
the oxidation of hexahydroxybenzene. Diamino-totrahydroxybenzene4 5  
and tetrahydroxy-p-benzoquinone2 3 ? 2 7  can also be oxidized to triquinoyl, 
(Diag. 1 .6 ).
The oxidation product of squaric acid, octahydroxy-cyclobutane, 
can be obtained by the lew temperature oxidation of the acid11.
(Diag. 1.7.)
All three oxidation products are colourless, crystalline solids 
exhibitingslightlyacidic properties in aqueous solutions.
1.3. Oxocarbon derivatives
Esters (end ethers) of squaric acid, croconic acid and 
tetrahydroxy-p-benzoquinone have been prepared and characterized, 
although no equivalent derivatives have been isolated from rhodizonic 
acid.
The dimethyl and diethyl esters of croconic acid can be 
obtained from the reaction between silver croconate and methyl and ethyl 
iodide, respectively.h6’h7*
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A colourless diethyl acetal of croconic acid has also been prepared, 
which upon treatment with diazomethane yielded the dimethyl ester.k7 
However, treatment of croconic acid itself with diazomethane led to ring 
expansion. 1* 6 (Diag. 1.8).
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Mt.0' X  NOMe 
O
Diag. 1.8.
“■ io ”
Various esters of tetrahydroxy-p-benzoquinoue have been 
prepared by the reaction of the quincne with the appropriate acid 
chloride1* 8 or acid anhydride0 *+9 5 5 0 °
The esters of squaric acid can be obtained by heating the 
acid with the appropriate alcohol. Beth the diethyl3 5  and the dibutyl 
34?36 squarate esters have been prepared by this technique, although, 
methanol gives only the half-ester5 1 . Hie dimethyl ester can be 
isolated from the reaction between methyl iodide end silver squarate.
1.4. Structural studies of oxocarbons
(a) Tctrahydroxy-p^enzo<pmr»o.e, rhodizonic acid, croconic 
acid end squaric acid.
Early studies by Nietzki and Benckiser7 9 1 9  established the 
presence of a single quinonoid group as well as a single ketonic 
carbonyl group in croconic acid, and two quinonoid groups in rhodizonic 
acid. Hie presence of two hydroxyl groups in both acids was also 
established, but their exact positions in each molecule were uncertain.
In 1938, Carpeni^ 2 despite haring carried out measurements which, 
indicated the enediolic nature of both acids, proposed structures which 
were incompatible with his own findings. (Diag. 1.9).
Even in 1948, Hirata et al5 2  suggested that the structure and 
properties of croconic acid could be explained by the equilibria 
shown in Diag. 1.10.
From an ultraviolet spectral study of croconic acid and its 
dimethyl ester, Yamada et al1 2  put forward the stractures shown in 
Diag. 1.3.1., for the acid and its anions.
The infrared absorption spectrum shewed a bread Oil stretching
-1 " ,.
vibration band at 2,603 cm "" indicative of strong hydrogen bending,
and C~0 stretching vibration bands at 1,755 cm  ^and 1,720 cm '* (weak; > ••2 
The frequency of these 0 0  bands excludes t7'e Carpeui structure (b) 
for croconic acid. (Diag. 1.9).
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Fatiadi et al2 1 claim to have prepared the trihydrate of 
croconic acid, but tlo elemental analyses were given in support of their 
claim* and. although their infrared spectrum shcwod a band at ~3,6CO cm  ^
this is probably due to a "wetv sample of croconic acid* since the 
whole spectrum is of poor quality.
Washino et al5 3 have determined the dipole moments of both 
croconic acid and its dimethyl ester. The high moments of 9-10 D for 
croconic acid (in dioxan) and 5.7 - 6.0 D for dimethyl croconate (in 
benzene) were attributed to the accumulation of it electrons on the 
carbonyl oxygens. Hie moments of both those molecules wore calculated 
theoretically for several conceivable configurations. These 
calculations gave best agreement with the experimental moments when the 
hydroxyl groups of croconic acid were assumed to be co-planar with tie 
carbon ring whereas, for the dimethyl croconate * the methoxyl groups 
appeared to be cut of the ring plane in positions of minimum steric 
hindrance.
Fhcdizonic acid is obtained invariably as the dihydrate, 
although several i/orkers claim to have obtained the anhydrous acid. 2 1 , 2 7  
It has been accepted that the two water molecules are present as water 
of crystallisation; however, recent mass spectrcmetric studies indicate 
a probable gem-diol structure for the hydrated acid. 3 2
Infrared spectral measurements on rhodizonic acid shewed, in
-1 -1
addition to the C= 0  stretching bands at "1,700 cm " and 1,660 cm , 
several sharp bands in tlie C~H stretching region, indicative of both 
inter- and intra- molecular hydrogen bonding. 2 1
The synthetically useful compound tetraJiydroxy-p-benzcquincne 
can be regarded as a di-enediol. Klug5I+, in 1965, realized that it 
crystallizes with two molecules of water of crystallisation, a fact 
not recognized previously. Single-crystal x-ray diffraction measurements 
clearly established the quinonoid structure of this molecule. 5 ** The 
quinone molecules were found to be remarkably planar, forming molecular 
chains through pairs of hydrogen bonds. Hie water molecules also form 
chains, via hydrogen bending, and further hydrogen bonding binds the 
water chains to two neighbouring nuincne chains.
- 19 -
An unusual property of tetrchydrray--p-bGnzoouinone dihydrate 
is the glistening blade colour of its crystals. This intense colour 
is thought to arise from charge transfer between neighbouring quinonc 
Molecules.51t A similar charge transfer self-cmnlox formation has 
been suggested for chloranil. 5 5
Although no single-crystal x-ray studios of squaric acid have 
been reported its enediol structure appears to be well established. 1 0  
Infrared spectral measurements indicate that these acid molecules are 
strongly hydrogen bended. 3 3
Polarographic studies have established the relationships 
between the six-membered ring oxocarbons. 1* 1 (Diag. 1.1.) However, 
for croconic acid the situation is more complex.
Croconic acid can be oxidized to leuconic acid, and the latter 
can be reduced back to croconic acid, whereas reduction of croconic acid 
leads to several products. Ilietzki and Benckiser6 J 7 found that the 
yellow croconic acid solution could be reduced to a colourless 
??hydrocroconic acid” solution. Prebend owski and Rutkowsbi5 6 , 5 7  
found that in the hydrogen iodide reduction of croconic acid bimolecular 
pinacol-type reduction products were formed. (Diag. 1.12).
Arcamone et al5 8 have studied the reduction of croconic acid 
eiectrochemically and have sham that reduction takes place in three 
distinct two-electron steps. (Diag. 1.13).
Souchay and Fleury3 9 have confirmed this step-wise reduction 
and have proposed the structures shown in Diag. 1.14., for SH .
Similar structures have been proposed by Fleur)’-5 9 for PH  ^and
PH6. (Diag. 1.15).
The reduction of squaric acid has not been reported, presumably 
because of the expected instability of its reduction product, : 
tetrahydroxy-cyclobutadiene.
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fb) Triquinoyl., leuconic acid end octohycroxy cyclobutaoe.
The preparation of the penta-oximc of leuconic acid led 
MietzM and Benckiser6 ? 7  to propose a eyelepentane-pentone structure for 
the acid. Kowever, the acid is Known only as the pentahydrate and their 
attempts to obtain the anhydrous acid were unsuccessful. Furthermore, 
the absence of a characteristic quinone colour was attributed to the 
fact that the water molecules are not present as water of crystallisation, 
but are bound more strongly, as in cbloralhydrate. This phenomenon of 
tb.e hydration of carbonyl groups has been observed frequently in 
aldehydes and ketones containing electronegative substituents. 6 0
Triquinoyl is also known only as the colourless crystalline 
octab.yd.rate. Attempts to prepare the anhydrous triquinoyl have proved 
inconclusive. 1 + 5 , 6 1 Sulphur dioxide reduces it to rhodizonic acid27,but 
polarographic reduction appears to be extremely difficult. 6 2
Studies of the alkaline degradation of both leuconic acid end 
triquinoyl6 3» 6 *♦ > 6 5 the isolation of a sodium derivative cf leuconic 
acid6 6 have not clarified their structures. Similarly no conclusions 
can be drawn regarding the structure of triquinoyl. from the study made 
by Eistert et al6 7 of the, so-called,"redox-dispropcrtionation51 of 
vic-pclycarbonyl compounds.
Person and billiams6 8  found that the infrared absorption spectra
of both leuconic acid and triquinoyl showed no absorption bands in tb.e 
- 1  -Iregion 2,000 cm to 1,500 cm , which suggests that there are no free 
carbonyl groups in these compounds. They pronosed that the hydroxyl 
groups in triquinoyl could be of two types, i.e. axial and equatorial.
Cttahydroxycyclcbutane has been studied far more thoroughly 
than either leuconic acid or triquinoyl. Infrared and Raman spectral 
measurements on octahydroxy-cyclohutanc and its deutoro-analogue, (OD)^ ,
indicated a planar, or nearly planar, ring configuration, 1 1 and recent, 
single crystal x-ray diffraction studies confirm a planar sy>rsnetrical,
D^, ring structure for octaliydrcxycyclohutane. 6 9  The average G-C and 
C-0 bond lengths were found to be 1.562 8  and 1.305 A, respectively, and 
the crystal structure is held together by a three-dimensional network cf 
hydrogen bonds involving all the hydroxyl groups in cadi molecule.
Although the fully hy&roxylated structures appear ro be well 
established for all three oxidation products, single-crystal x-ray 
diffraction measurements would be most useful in establishing the 
stereochemistry of both leuconic acid pentahydrate and triquinoyl 
octahydrate.
(c) Squarate, croconate and rhodizonate anions.
The recognition by West et al1 3 that the anions of squaric acid,
croconic acid and rhodizonic acid are members of a general series of
symmetrical electron-delocalized aniens, C O 2”, whose salts may be’ n n J
considered as a new class of aromatic substances, has led to an intensive 
study of these anions. (Diag. 1.16).
Vibrational spectroscopic studies by Ito and West7 0  have shown 
that both the squarate and the croconate ions, in their alkali metal 
salts, are planar structures with equivalent carbon atoms and equivalent 
oxygen atoms. Normal co-ordinate analyses cf the infrared and Raman 
spectral data of dipotassium squarate and dipotassium croconate shared 
substantial it-bonding between the ring carbon atoms.
The similarity of the infrared absorption spectra of dipotassiura
croconate and dipotassium rhodizonate1 3 suggests also a symmetrical
structure for the rhodizonate dianion. Both these salts show no sbsarptS on
bands in the usual C=0 stretching region, but show instead an intense
- 1broad band centred near 1,500 cm. .
West and Niu 7 1 have prepared the tetra-potassium salt of 
tetrahydroxy-p-benzoquinone which is also considered to have an electr wi­
de localized symmetrical structure. Although simple Hdckel LCAD-NO 
calculations predicted this tetra-anion to be a bi-radical, magnetic 
susceptibility measurements showed it to be diamagnetic. Furthermore, 
the pure tetra-pctassium salt gave no F.P.R. signal, but upon air 
oxidation a strong signal was observed which was thought to arise from 
the tri-potassium salt of tetrahydroxy-p-benzoquinone.
West and Powell1 4 have carried out nickel ICAO-1 !0 calculations 
on various monocyclic and polycyclic oxygenated onions. Qualitative 
agreement was claimed between the observed principal electronic
- 23 -
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transition energies of the oxocarbon anions and the calculated energy 
differences between the highest filled and lowest unfilled, molecular 
orbitals of these anions. This energy difference was found to decrease 
with increasing ring size. These calculations also provide a qualitative 
explanation of the relative ease of reduction of both rhodizonic acid and 
croconic acid and indicate why squaric acid may be difficult to reduce.
Kaufman7 2  has carried out LCAO-SCF-MO type of calculations on 
C6 06 systems in order to resolve the question of the biradical nature of 
the tetra-anion of tetrahydroxy-p-benzoquinone, C6 0 6  ^, but the results were 
inconclusive in that the parameter values derived for the neutral molecule 
were used for the charged species. Similar calculations have been carried 
out cn the croconate ion, C5O5 2”; 7 3  Again the results were inconclusive 
and they highlight the difficult problem of the choice of suitable 
parameters for calculations on anions of this type.
(d) Metal complexes.
Both divalent and trivalent metal croconates have been prepared and 
studied by West and Niu .?1+ The divalent metal croconates of Cu, Fe, Zn,
Ni, Mn, Co and Cu were obtained as the trihydrates, MC5 05 .3H2 0, and their 
structural similarity was indicated by their very similar powder x-ray
diffraction patterns. However, the calcium croconate trihydrate, had 
a different diffraction pattern. All the divalent transition metal 
canplexes were shown to be high-spin complexes 5, indicating a weal: 
ligand field.
A single-crystal x-ray study of copper croconate has shown 
this complex to be polymeric , with average C-C and C- 0  bond lengths of
1.46 8  and 1.25 8 , respectively. 7 5  (Diag. 1.17).
Howevers in the zinc croconate, the croconate ion has been 
found to retain the croconic acid enediol structure, indicative of boi:, < 
significant n-electron localization in the croconate ring as well as 
considerable covalent character of the metal to oxygen bonds. This
retention of the enediol stiucture by the croconate ion has also been
found in ammonium hydrogen croconate7 6  and rubidium hydrogen croconate. 7 7
The trivalent metal croconates of Al, Fe and Cr were found to 
have complicated formulae, containing both water molecules and hydroxyl 
groups. All three ccmplexes shewed identical powder x-ray diffract?cn 
patterns and preliminary single-crystal x-ray studies have indicated 
polymeric structures for these complexes.7h
The infrared absorption spectra of all these complexes showed 
bands at "1,800 cm ~ and at "*1,615 cm , indicating both free and 
co-ordinated carbonyl groups.7^
Rhodizonic acid salts of K, Na, Ba and Or are well known, but 
no structural studies have been made on them. Similarly, a large nmhei 
of metal salts of tetrahydroxy-p-benzoquinone have beer prepared. **** 
However, these may have been mixtures of salts of both tetrahydroxy-p- 
benzoquinone and rhodizonic acid, since both these oxocarbons have been 
reported to produce the same colour reactions with various metal iens. 7 8  
Recent thermal and spectral studies of divalent Cu, Co, Zn, lb and Ni 
complexes of both rhodizonic acid and tetrahydroxy-p-benzoquinone suggest 
that the fb and Cu complexes of both these oxocarbons may be identical. 7 9  
All these complexes were thought to be polymeric, with a 2 to 1 (metal to 
ihfand) ratio.
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Diag. 1.17.
A single-crystal x-ray study of di-rubidium rhodizonate indicated
a planar symmetrical structure for the rhodizonate anion. 8 0  The C-C bond 
lengths, suggested substantial 7r-electron delocalization, but the C-0 bond 
lengths were found to be shorter than in di-rubidium croconate, and indicated 
a high bond order, typical of C=0 bonds.
marked similarity was found between the squarate and the corresponding 
croconate complexes, both forming co-ordination polymers.
The divalent Ca, Mn, Fe, Co, Ni, Cu and Zn squarates were shown to 
be the dihydrates, MC^ Ol*. 2H2 0. Again, all the metal squarates, apart from 
the Ca and Cu complexes, have very similar powder x-ray diffraction patterns, 
indicating structural similarity. (Diag. 1.18).
West and Niu 8 1 have also studied the metal squarate complexes. A
Ho. 0
Diag. 1.18.
In contrast to the divalent metal crocunates, the divalent metal 
squarates have very simple infrared absorption srectra, showing the 
absence of unco-ordinated carbonyl groups.
The trivalent metal squarates of Al, re and Cr were found to be 
iso-structural and of the general formula, MTV\(CK) (H2 0) 3. These 
complexes do show an infrared absorption band at 1,615 cm  ^which may 
be due to O C  stretching vibrations.
tfecintyre and Werkema82- have carried out a single-crystal x-ray 
study of potassium squarate monohydrate, K2 C4O4 .H2 0 . The squarate ions 
were found to be nearly planar and arranged in stacks, hydrogen bonded 
to neighbouring anions via the water molecules. A similar stacking 
pattern has been observed in the plienoquinone crystal in which three 
molecules (pheno 1 -p-benzoquinone-pheno 1 ) are stacked in columns, with 
inter-planar distances of 3.33 R . 8 3
An interesting feature of the crystal structure of potassium 
squarate monohydrate is the unusually close approach of neighbouring 
negatively charged squarate anions, 3.237 R. In neutral polycyclic 
aromatic compounds and in graphite, where only van der Waals attractive 
forces are present, the inter-planar separation is approximately 3.4 R.8'- 
Macintyre and TJerkema have explained this close approach, of neighbouring 
.squarate anions by assuming the formation of charge transfer self­
complexes. It must be pointed out however, that the strong absorption 
in the visible region of the spectrum, characteristic of charge transfer 
complexes, is absent in potassium squarate mcnohydrate.
1.5. Condensation reactions of cxocarbons
Nietzki and Kehrmann8 5  found that the oxocarbons rhodizonic 
acid, tetrahydroxy-p-benzoquinone, triquinoyl and leuconic acid gave 
with o-phenylenediamines the well known quinoxaline reaction, used in 
the character!, z at i on of a-diketones. 8 8  Various mono-, di- and tri- 
condensation products were obtained from these cxocarbons. 8 7 ” 9 0  Vie 
structures of these condensation products were postulated on the basis 
of elemental analyses only, and it is doubtful whether scene of these 
compounds were isolated in a pure state since the re.actions could yielc. 
theoretically, several isomers with identical empirical xoraiulae.
These condensation products are summarized in Diag. 1.1°.
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Rhodizonic'
acid 0
2 isomers possible 
Tri-condensation products frcm triquinoyl
Tetrahydroxy-p-benzo-quinone
OH
HO.
OH
OH
tea
H O.
O
H CH7
o
louconic acid
CH C H
3 isomers possible 
Diag. 1.19.
Similar derivatives have been obtained by Malachowski and 
Prebendowski9 1 from reactions between croconic acid esters and both 
o-phenylenediamine and ethylenediamine. (Diag. 1.20).
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Diag. 1.20.
In a study of heterocyclic-N-oxides Strakhov and Pushkareva92 claimed 
to have isolated several of the rhodizonic acid and triquinoyl condensation 
products described earlier. However, their elemental analytical data do 
not agree with the postulated empirical formulae.
Recently, Eistert et al93 have re-investigated some of these reactions 
and the resulting condensation products. Their work can be summarized by the 
following reaction scheme. (Diag. 1.21).
NH* O
*
DlCAcOH
oh Cca
NH, O
Diag. 1.21.
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No single-crystal x-ray diffraction studies have been reported 
on any of these condensation products, and their structures are based almost 
exclusively on analytical data.
A large number of squaric acid condensation products have been 
isolated by Treibs and Jacob,94 96 and also by Ziegenbein and Sprenger.97
The reaction between squaric acid and activated pyrroles leads to 
cyclotrimethine dyes.94*96 Similar dyes are obtained from indole,95,96 
phloroglucinol94, tertiary aromatic amines97, and azulenic hydrocarbons.97 
(Diag. 1.22).
o
o hHO
OH OH
o"
N
O
Diag. 1.22.
In all the above reported condensation products the linkages between 
the rings are via C-C bonds’. Primary and secondary amines have been found 
to react with squaric acid giving betaine-type condensation products in 
which the linkages are via C-N bonds.98 (Diag. 1.23).
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Diag. 1.23.
Recently, a new series of condensation products has been prepared 
from squaric acid and o-phenylenediamines." (Diag. 1.24). It is very 
probable that a large number of new products will be obtained from squaric 
acid in the near future.
HO °
\  /
R —
H O/
25%
H,SO. ■R—
o
o
O
Diag. 1.24.
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1 .6 . Applications of oxocarbons
Rhodizonic acid and the alkali metal rhodizonates have found 
use in the chemical analysis of Ba2+ and SO^2” ionss and other metal 
ions. 1 0 0 ’ 1 0 1 The analytical uses of rhodizonates have been reviewed by 
Feigl and Suter1 0 2  and recently re-assessed by Chalmers and Telling. 1 0 3
Rhodizonic acid and the alkali metal rhodizonates have been
used in the determination of radioactive strontium in biological samples. 
1 0*+ j 105
Croconic acid and the croconates have found fewer applications, 
although croconic acid has been suggested as a suitable reagent for 
Ca2+, Sr2^  and Ba2* ions. 1 0 6
Tetrahydroxy-p-benzoquinone has been used extensively as an 
indicator in the determination of sulphates. 1 0 7 ""1 0 9
The oxidation products of meso-inositol have been found to 
promote the growth of the sugar mold saccharouyces carlsborgensis, 1 1 0 '’ 1 - 1 
and recant patents1 1 2  claim that rhodizonic acid increases the serum 
levels of tetracycline antibiotics. Loth rhodizonic acid and, croconic 
acid have been claimed to increase the effectiveness of chlorophyll' as 
an oral deodorant. 1 1 3
Finally, dipotassium rhodizonate and triquinoyl octabydrate have 
been reported to be useful as remedies for diabetes mellitus. 1 1 4 : 1 1 5
A spectroscopic study of some oxocarhans.
2.1. Introduction
Previous infrared, Raman and ultraviolet srectresccpic studies 
of oxocarbons have produced a considerable amount of information on the 
bonding and structure of several of these compounds. However, the 
contradictor)’ results obtained on some of the cxocarbcns by different 
investigators have prompted this re-investigation.
The techniques employed in this study were infrared, proton 
nuclear magnetic resonance, ultraviolet -visible absorption and solid 
diffuse reflectance spectroscopy.
2.2. Infrared spectra
(a) Squaric acid, croconic acid and rhodizonic acid dihydrate.
The infrared absorption spectra of both squaric acid and 
croconic acid exhibit many common features (Table 2.1). Hoe spectra of 
both acids show a very broad hydroxyl stretching (v 0-H) vibration band.
In the squaric acid spectrum this band extends from "3,COO cm " to
-I " - 1"2,ICO an with a band centre at "2,400 cm . It has been suggested that
the shape and position of this band is indicative of the presence of strong
hydrogen bonding in squaric acid. 3 3 In the croconic acid spectrum this
- 1  - 1broad v 0-H band extends fran "3,200 cm to "2,000 cm with the band, 
centre at "2,60) oif \  Similar broad, low frequency v 0-H bands have been 
observed in the infrared spectra of enolized accty1 acetone and 
dibenzoylmethane, 1 1 6  and in metal complexes of both dimethylglyoxime and 
cyclohexane-1 ,2 -dione-dioxime. 1 1 7  The results of an infrared study of 
tropolone led Koch1 1 8  to propose ionic structures for this molecule in 
which the '’hydrogen-bended’ proton oscillates between the two oxygen 
atoms. This oscillation is extremely rapid sc that the proton is 
symmetrically located on a time-average basis, between the two oxygen
atoms. Symmetrical 0 H 0 hydrogen bonds have also been
postulated for molecules in which free charges are present, namely, in 
potassium hydrogen maleate and in potassium hydrogen phthalate. 1 1 9  
It is probable, therefore, that both squaric acid and croconic acid 
are extremely strongly hydrogen-bonded in the solid state.
Table 2.1. Squaric acid, croconic acid and rhodizonic acid dihydrafx
infrared spectral data.
Squaric acid 
(cm-1)
Croconic acid 
(cnf1)
rhodizonic acid dihydra 
(cnf1)
"3,000 - "2,100 b "3,200 - "2,000 b 3,510 s
"2,400 centre m "2,600 centre s 3,470 s
3,450 s
3,430 m
1,820 m 1,760 s 3,380 s
1,650 s 1,725 s 3,130 m
1,510 s 1,660 s 1,703 s
1,630 s 1,685 C
strong continuous 1,480 s 1,645 s
absorption from 1,390 s 1,460 m
"1,450 - "900 1,310 s 1,410 m
1,230 s 1,370 s
1,320 s 1,150 m 1,325 s
1,165 s 1,075 s 1,247 m
1,C50 s 1 , 2 1 0 m
925 s 830 m b 1,163 s
855 s 635 3Ti 1,097 s
725 s 408 m 1,063 s
635 s 375 m 947 s
380 s 350 m 815 m
310 m 328 m 723 m
295 m 672 IS
oou
565 ]\
540 m
410 m
330 m
b = broad, s = strong, m = medium.
- 1The medium intensity band at 1,820 cm in the squaric acid 
spectrum has been assigned to the v O Q  vibrations, and the strong bam 
at 1,650 cm” 1  to the v C=C vibrations. 3 3 Indeed, it would be difficult
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to assign the 1,820 on band to any other typo of vibration in squaric 
acid since shvllox xiequc/Acy hauls are found in the spectra cf dimethyl 
Squarate, diethyl squarate and ether derivatives of squaric acid, 5 1  
although its high frequency is difficult to reconcile with the earlier 
suggestion of strong hydrogen bonding in squaric acid.
The infrared spectrum of croconic acid shows two bands in the 
v O 0  region at 1,760 cm  ^and. 1,725 cm These two bands may be due 
to the presence of two types of carbonyl groups in. the croconic acid 
molecule, i.e. quincnoid and ketonic. Alternatively, they may result 
from Feimi resonance.
Hie band at 1,660 cm * may be assigned to either v O C  vibrations 
or to hydrogen-bonded v O Q  vibrations. Similar frequency bands in tie 
infrared spectra of conjugated cyclopentanepolyones have been assigned to 
hydrogen-bonded v 0=0 vibrations. 1 2 0
The assignment of the lower frequency bands in the spectra of 
both squaric acid and croconic acid is uncertain.
The infrared spectrum of the six-membered ring oxocarbon 
rhodizonic acid is markedly different free the spectra of both squaric 
and croconic acid. The bands in the v 0-H region are much sharper and 
are at considerably higher frequencies. (Table 2.1). The frequency of 
these bands is indicative of both intra- and inter-molecular hydrogen 
bonding, 1 2 1  but not of the strong hydrogen bonding found in squaric acid 
and croconic acid.
The strong bands at 1,7C0 cirf ~ and 1,685 cm  ^m.iy be assigned to 
the v 0 0  vibrations, although it is not possible to assign specifically 
each band to either the para- 1 2 2  or the ortho- 1 2 3  quinonoid v 0 0  vibration* 
Hie strong band at 1,645 cm” 1  probably arises frcm the v C=C vibrations.
It is of interest to note the large decrease in the v 0 0  
frequencies as the oxocarbon ring size increases. Similar results have 
been obtained with other cyclic carbonyl ccnpounds. 1 2 2 + 5 1 2 0 Brauman and 
Laurie1 2 6  have found that the correlation between the v C= 0  frequencies 
and the change in ring size is almost purely mechanical for xour-, f i^e-, 
and six-membered rings.
(b) TetraJiydroxy-p-benzoquinone dihydrate.
The infrared spectrum of tetrahydroxy-r-benzoquinone has been 
measured previously by Fatiadi et al2 1 and by Klug. 5 4 Its spectrum 
(Table 2.2) is relatively simple in comparison with that of rhodizonic 
acid (Table 2.1). Band assignment has been carried out hy Klug54, who 
has also made a single-crystal x-ray diffraction study of this oxocarbon.
Table 2.2. Tetrahydroxy-p-benzcquinone dihydrate infrared spectral data.
3,550 cm” 1 s 813 cm 1 W
3,370 s 743 s
630 s
3,200 - "2,500 s b 570 s
400 m
1,650 s Si A 337 m
1,620 s 305 w
1,530 m 298 w
1,420 m 232 m
.1,370 s 205 w
1,320 s 168 m
1,235 s 156 m
1,095 w 1 2 1 w
1,013 s
897 m
w - weak, sh = shoulder
The bands at 3,550 cnf1  and 3,370 cm” 1  have been assigned to the
water molecule v 0-K vibrations, whilst the very broad band from "3,200 an
to "2,500 cm” 1 is due to the strongly hydrogen-bonded quinone v 0 -R
- 1vibrations. The strong band at 1,620 cm and the shoulder at 1,650 cm 
have been assigned to the v C=0 vibrations and to the bending motions of 
the water molecules, respectively, with the v C.=C vibration band hidden 
by the v C O  band. The v C O  band assignment is reasonable since other 
substituted p-benzoquinone v 0 0  frequencies have been, observed m  ta.a 
region 1,684 cm 1  to 1,615 cm 1 . 1 2 7  The bands at 1,320 cm 1, 1,235 c ?t  
and 570 cm” 1  h.ave been assigned to 0-H deformation modes.
(c) Cctahydroxycyciobutane, ieucoiiic acid pentahydrate and
triquinoyl octahydrate.
The infrared and Roman spectra of both octahydroxy-eye 1 obutane 
and its octadeuterio analogue, C^ DqCq, have been studied by West et al. 1 1  
Hie spectra were found to be extremely simple, consistent with a 
symmetrical, structure«
- 1A band at 3,250 cm was assigned to v Q-H vibrations whilst
bands at 1.300 cm ~ and at 900 cm  ^were assigned to 0-K deformation
modes. The remaining taro bands, above 400 cm , at 1,160 cm and 
- 11,080 cm were attributed to the 0 0  stretching modes. An infrared 
study o£ gem-dihydroxy compounds and their deuterated. derivatives by 
Anderson et al1 2 8  has indicated that great care must be exercised in 
band assignments in the region 1,400 cnf'*’ to 1,000 erf\
The infrared spectrum obtained in this study (Table 2.3) shows
a broad v 0-H band at the somewhat higher frequency of "3,400 cm \
- 1Furthermore, instead of the single band reported at 1,300 cm , two bands 
at 1,440 cm x and 1,370 czit  ^are observed. The 1,200 cm  ^to 1,000 an  ^
region also shows distinct differences. It is difficult to interpret 
these band frequency differences. It nay be possible that the sample of 
octahydroxycyclobutane used in this study was not pure, although elemental 
analysis does not support tins.
The infrared spectra of both leuconic acid pentahydrate and 
triquinoyl octahydrate have been studied by Person and Williams. 6 0 On 
the basis of the similarity of these spectra to that of chloral hydrate 
and the complete absence of absorption bands in the v O Q  region they 
proposed fully hydroxylated gem-diol structures for both these compounds. 
Furthermore, the observed band splitting in the 1,100 an  ^region was 
attributed to the presence of axial and equatorial hydroxyl groups in 
triquinoyl octahydrate.
Table 2.3. Octabydroxycycicbutane, leuconic acid pentahydrate arid
triquinoyl octahydrate infrared spectral data.
Cctahydroxycyciobutane Leuccnic acid Triquinoyl
pentahydrate octahydrate
6 CO - -S.000 an- 1 b "3,650 - "3,000 an * b "3,650 - "3,COO
itred "3,400 s 3,500 s 3,490 s
3,450 s 3,450 s
3,340 s 3,380 s
1,440 m 3,300 s 3,350 s
1,370 m 3,260 s 3,300 s
250 - " 950 b 1,620 mi 1,635 m
1,165 s 1,460 m v> 3 m
1 , 1 1 0 s 1,410 m 1,370 s
1,045 s 1,370 s 1,350 s
895 s 1,320 s 1,330 m
725 w 1,185 m 1,290 S
575 m 1,098 s 1,152 S
390 w 1,077 s 1,140 •a
360 w 930 s 1,080 s
320 m 910 s 915 s
305 w 863 m 780 m
280 m 630 m 698 ni
270 w 550 m 660 s
480 m 445 m
390 m 390 m
368 m 350 m
305 m 285 m
270 m
Hcv/ever, West et al1 1 have reported bands at 1,625 cm  ^and 1,650 on
in the leuconic acid and triquinoyl spectra, respectively, although they
have sup-nested that these bands do not represent v C= 0  modes.
-I
Fatiadi et al2 1 have observed not only the band at 1,650 cm but also a 
weak band at “1,760 orf1  in the triquinoyl octahydrate spectrum.
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In this Study a very weak band is found at 1,620 orf1  in the 
leuconic acid spectrum, in agreement with West. The triquinoyl 
octahydrate spectrum shows a medium intensity band at 1.635 cm'1.
However, as has been pointed out before, it is unlikely that these bands 
are v C~ 0  modes and the original suggestion cf fully hydroxylated gem- 
diol structures for both leuconic acid pentahydrate and triquinoyl 
octahydrate is reasenable. Such, hydration of carbonyl compounds is well 
known and has been reviewed by Bell. 6 0
2.3. Proton nuclear magentic resonance spectra
Proton nuclear magnetic resonance (XH M!R) has been used in 
structural studies of gem-diols, in. the solid state, 1 2 9  as well as in 
studies cf aldehyde hydration in solution. 1 3 0 9 1 3 1  However, the 
application of this technique to structural investigations of 
cxocarbons has not been reported. This is not surprising, since the 
resonance frequencies cf protons attached to oxygen are extremely 
sensitive to intermolecular environment and are therefore less readily 
correlated with molecular structure than protons which are attached to 
other nuclei such as carbon and nitrogen.
The resonance freouencies of enolic,alcoholic and phenolic 
hydroxyl .group protons are strongly affected by two phenomena which alter 
the apparent shielding of such protons, namely, hydrogen bonding and 
chemical exchange. Hydrogen bonding gives rise to very large dcwnfield 
shifts, whereas rapid exchange between protons results in a broadening 
of the resonance peak. 1 3 2  In certain circumstances this broadening can 
be extremely large sc that the position of the resonance peak cannot be 
located with any certainty.
The solution 1KN.MJRstudy cf the oxocarbons is severely 
restricted by their lack of solubility in most solvents. Squaric acid, 
octahydroxycyclobutane and leuconic acid pentahydrate are only moderately 
soluble in deuterium oxide and no resonance signals were observed. 
Similarly, no signals were obtained fraa solutions cf rhodizonic acid 
dihydrate in deuterium oxide, tetrahydrcfuran or dioxatu
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Croconic acid gives no proton resonance signals in either 
deuterium oxide or N,N-diiaethyIfcrmamide, but in dimethyl sulphoxide 
solution a single peak is observed at t 0 . 8 8  p.p„m* (t etrame thy Isilane 
x = 10 p. p.m.) of half “height peak width of 4 Hz. Oily one resonance 
line is expected from the two equivalent enolic protons. Hie large 
downfield shift is indicative of the presence of strong hydrogen bonding 
in croconic acid, in agreement with the results of the infrared study.
The width cf the resonance signal indicates that proton exchange may be 
taking place, although viscosity broadening may also be a contributory 
factor to the line width when dimethyl sulphoxide is used as solvent.
Triquinoyl octahydrate in dimethyl sulphoxide also gives a 
single resonance peak at t 5.28 p.p.m. The half-height width of the 
signal, "33 Hz, indicates that protcn exchange is taking place. However; 
the smaller downfield shift suggests greater shielding of the protons in 
triquinoyl than in croconic acid. This may arise from considerably 
weaker hydrogen bonding in triquinoyl octahydrate.
Tetrahydroxy-p-benzoquinone dihydrate shorn a single signal 
peak in both tetrahydrofuran, t 1.50 p.p.m, ("60 Hz), and dioxan, 
t 1.85 p.p.m. ("15 Hz). Hie lowfield positions of these signals again 
indicate strong deshielding of the enol group protons, via hydrogen 
bonding, in accordance with the results of single-crystal x-ray studies 
made by King. 5 4
2.4. Ultraviolet-visible spectra
(a) Snuaric acid, croconic acid and rhodizonic acid dihydrate.,
Previous ultraviolet spectral measurements have been reported 
cm squaric acid. 3 3 ’ 3 8  A single broad absorption band was observed at
269.5 my (e 37,000) in aqueous solution. In this study ultraviolet- 
visible absorption spectra were obtained frcm aqueous, acidic and 
alkaline solutions of squaric acid and its solid diffuse reflectance 
spectrum was also measured. (Table 2.4).
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Table 2.4. Squaric acid ultraviolet-visible spectral data.
Absorption spectra
Water 1-N HC1 1-N NaOH 
X max. 220.5my
0  max.) ( 35,700)
X max. 252 my 232 my 249 my 
(e max.) (22,000) (65,’400) ( 32,900)
Solid diffuse reflectance
spectrum 
X max. Pelative absorbance 
261 my 0.87
265 my 0.88
270 my 0.86
305 my 1.12
383 my 0.10 sh
X'.max. 267.5my 258my sh 267.5my 
(e max.)(26,300)(22,000) ( 36,100)
X max. 323.5my 311 my 325 my 
(e max.) ( 57) ( 87) ( 37)
sh = shoulder
The squaric acid spectrum in aqueous solution shows two distinct 
bands at 252 my and 267.5 my. The intensity of these bands indicates 
that they probably arise from tt-wt* transitions. Spectral measurements on 
more concentrated squaric acid solutions revealed a third band at longer 
wavelength, 323.5 my. Hie low molar extraction coefficient (e = 57) of 
this band suggests that it arises from a n-wr* transition.
The strongly acidic nature of squaric acid3 8 indicates that it 
will readily ionize in both aqueous and alkaline solutions. The solution 
spectra of squaric acid can be rationalized on the basis of complete 
ionization to the di-anion, in alkaline solution, partial ionization to 
the mono-anion, in aqueous solution, and non-ionization, in mineral acid 
solution.
In dilute acid the spectrum shows two intense absorption bands 
at 232 my and 258 my, which may be assigned to ir-wr* transitions, and a 
weak intensity band at 311 my which is probably a n-wr* transition. In 
aqueous solution no extra bands are observed, although there is a general 
bathochromic shift of all three bands. In alkaline solution an extra 
intense band is observed at 220.5 my.
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Bldcel M.O. calculations by West and Powell1 '1 have shorn the 
lowest energy unfilled anti-bonding orbital of the squarate di-anion to 
be doubly degenerate, thus giving rise to only a single electronic 
transition band from the highest filled to the lowest empty molecular 
orbital. It is possible that inclusion of electronic renulsion terms in 
these calculations would lead to the removal of this degeneracy and hence 
give a reasonable explanation of the electronic absorption spectra.
The solid reflectance spectrum shows three absorption bands of 
very similar wavelengths and intensities, but the band at 305 my is 
found to be the most intense, in contrast to the solution spectra 
absorption bands in this region.
Previous studies of the ultraviolet spectrum of croconic acid were 
made on neutral, alkaline and acidic solutions and also on solutions of 
croconic acid in methanol, ethanol and dioxan, 1 2 , 2 1  but the spectral 
range covered was only from 240 my to 400 my.
In this study spectral measurements were made on both solid, 
croconic acid and on aqueous, acidic and alkaline solutions of croconic 
acid. (Table 2.5).
Table 2.5. Croconic acid ultraviolet-visible spectral data.
Absorption spectra Solid difft.iso reflectance srect
Water 1-N HC1 I-N NaCTI A max Relative abs crbar.ee
X max. 228. Smy 230 my 224 my 1.44
(e max.. )(2,400) (6,403) 262 my 1.82
373 my 1.06 c h
A max. 252 my 299.Sray 250 m sh 416 my 1.26 sh.
(e max.0(500) (12,90)) (~600) 444 my 1.25 sh
518 my 0.60 sh
A max. 338my sh 314.Smy sh 337.5m 568 my 0.40
(e max.)(~25,000)(~11,5C0) (27,700)
A max. 362.5my sh 353 ny 361.5m
(e max.)(“35,000) (6,400) (37,900)
A max. 456.5my sh 435 my sh
(e max.)(~64) (~64)
Yamada ot al1 2  have suggested that croconic acid is completely dissociated 
in aqueous solution to give the di-anicai. This suggestion is reasonable, 
since both the aqueous and alkali solution spectra contain three bands of 
very similar intensities at almost identical wavelengths, However, the 
aqueous solution spectrum shows, in addition, a band at 228.5 my and at
456.5 my. It is probably more currect to suggest that in aqueous 
solution both the croconate cli-anion and the undissociated croconic acid 
are present, since the spectrum in dilute acid, which is assumed to contain 
only the undissociated acid, shows both these short and long wavelength 
bands. The solid diffuse reflectance spectrum differs markedly from the 
solution spectra, especially in the visible region.
The ultraviolet spectrum of rhodizonic acid dihydrate has been 
reported but no discussion of the results was given. 2 1
In this study absorption spectra of aqueous, acidic, alkaline, 
methanelic and ethanolic solutions of rhodizonic acid were measured and 
its solid diffuse reflectance spectrum was also recorded. (Table 2.6).
The interpretation of the ultraviolet-visible spectra of 
rhodizonic acid dihydrate present considerable difficulty in that the 
structure of this acid has not been established conclusively. If the 
structure 5,6-dibydroxy-cyclohex-5~ene--l,2,3,4-tetrono is assumed then 
it is possible to consider the dilute mineral acid solution spectrum to 
be that of the undissociated molecule. Only two absorption bands are 
obtained, at 234 my and at 317 my. The aqueous solution spectrum also 
shows these two bands, but in addition there are three new bands in the 
visible region. These long wavelength bands show a remarkable increase in 
intensity upon dilution. Similar intensity changes are apparent in the 
methanol and ethanol solution spectra of rhodizonic acid. In alkaline 
solution, where rhodizonic acid may be considered to be completely 
ionized to the rhodizonate di-anion, its spectrum is completely different, 
from that of the acid solution spectrum.
Mass spectrometxic studios3 2  indicate a gem-diol structure for 
rhodizonic acid dihydrate. Assuming this structure to be correct the 
interpretation of the alkaline solution spectrum of rhodizonic acid 
dihydrate can be attempted on the basis of the behaviour of 2 -hydror/-- 
benzcquinones with alkaline hydrogen peroxide.
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Corbett1 3 3  has show that in the reactions of 2-hydroxy-benzoquinones 
with alkaline hydrogen peroxide the initial attack of the peroxide anion 
on the quinone gives a 5,6-diol, which then undergoes auto-oxidation by 
molecular oxygen to an oq £,y-triketone. This triketone can undergo a 
benzylic acid re-arrangement to give a cyclopentane acid, which undergoes 
spontaneous decarboxylation to a dihydroxy-cyclopentanedione. If 
rhodizonic acid is assumed to undergo a similar auto-oxidation then the 
following reaction sequence can be expected to occur in alkaline solution. 
(Diag. 2.1.)
Diag. 2.1.
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This transformation scheme is essentially the same as the 
a-oxoalcdiol re-arrangement which is used in tlie preparation of croconi.c 
acid from the rhodizonate anion. Thus it is possible; that the spectral 
changes observed in alkaline, aqueous, ethanolic and methanolic solution:-; 
of rhodizonic acid result from such reactions taking place in these 
solutions.
(h) Tetrahydroxy-p-b-enzoquinone dihydrate.
Hie ultraviolet-visible spectrum of tetrahydroxy-p-benzoquinoae 
in mineral acid solution shows three absorption bands at 220 my, 307.5 my 
and 493 my. (Table 2.7) Fatiadi et al2 1 report only a single band at 
308 my, whilst Eistert and Bock, 1 3 4  using an acidic methanol solution of 
the quinone, also report only a single band at 310 my.
The long wavelength band at 493 my is of low intensity, e 140, 
and can only be observed in the spectra of more concentrated solutions.
It probably results from a iw* transition, whereas the other two intense 
bands are probably due to r^ rr* transitions.
Table 2.7. Tetrahydroay-p-benzoquinone dihydrate ultraviolet-visible
srsectral data.
Absorption spectra . Solid diffuse reflectance
spectrum
1-N HC1 sis MefH E h(H A max. Relative
■j innr>,' VVV
A max. 2 2 Qny 216my 218my 273my
exile? •_)). t
1.74
(e max.) (6,500) (6,0)0) (8,500) 293ray 1 .8-2
445my 1.44
A max. 307.5my 317my 31Q"ay ' SXCtoy 627my 1.53
(e max.)(18,600)(18,900)(4,300-9,ICO)(15,900-10,800)
A max. 443.5my 441my 441my
(e max.) (260) (180-13,700) (210"7,100)
A max. 493my 48031.1 481my 483ny
(s max.) (140) (260) (200-16,800) (150-8,300)
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The dimethyl sulphoxide (RMS) , methanol and ethanol solution 
spectra show bands at almost the same wavelengths as those found in the 
spectra of rhodizonic acid. This suggests that in these solvents 
tetrahydroxy-p-benzoquinone is undergoing oxidation to rhodizonic acid, 
and the intensity changes upon dilution again indicate that further 
oxidation is talcing place.
(c) Octahydroxycyclobutane, leuconic acid pentahydrate and
triquinoyl octahydrate.
The ultraviolet-visible spectra of octahydroxycyclobutane have 
been studied by West et al. 1 1 Both dilute acid and aqueous solutions of 
octahydroxycyclobutane were found to be initially transparent, but 
absorption bands developed upon standing. The wavelengths of these bands 
indicated that hydrolysis of octahydroxycyclobutane to squaric acid was 
talcing place.
The solid reflectance spectrum of octaliydroxycyclobutane shows 
three extremely weak bands at 274 my, 248 my and 203 my (Table 2.8) 
however, their intensities are so low that no significance can be 
attached to than.
Table 2.8. Octahydroxycyclobutane, leuconic acid pentahydrate and
triquinoyl octahydrate ultraviolet-visible spectral data,
Octaliydroxycyclobutane leuconic acid pentahydrate Triquinoyl octahydrate
Solid diffuse reflectance Absorption Reflectance Absorption Reflectance 
spectrum. spectrum. spectrum. spectrum. spectrum 
Absorption maxima. Water. Absorption RMS, Absorption
maxima. maxima -
X max. 203 my X max. 327.Say 267 my X max, 325 my 306 my
X max. 248 my (e max.) (21) 338 my (e max.) (54-95)
X max. 274 my 368 my
X max. 376 my 
(e max.) (29-50)
X max. 460 my 450 my 
(e max.)(14-29)
The aqueous solution spectrum of leuconic acid pentahydrate shows; 
a weak band at 327.5 my (s 21), in agreement with Fatiadi et al21, who 
report a band at 328 my (e 19). The diffuse reflectance spectrum of solid 
leuconic acid pentahydrate shows three weak bands. The low intensity of 
these bands suggests that they may be due to carbonyl n-nr* transitions, 
although the infrared spectrum of leuconic acid pentahydrate does not 
indicate the presence of free carbonyl groups in this compound.
Similarly, the reflectance spectrum of solid triquinoyl 
octahydrate shows two weak bands at 306 my and 450 my, and in the dimethyl 
sulphoxide solution spectrum three weak bands are obtained. These bands 
were found to intensify upon dilution, suggesting that dimethyl sulphoxide 
may be acting as a dehydrating agent, producing partially dehydrated 
triquinoyl.
Fatiadi et al2 1  have recorded the ultraviolet-visible spectrum 
of a 2 -N aqueous sodium chloride solution cf triquinoyl octahydrate.
They obtained four absorption bands at 267 my, 363 my, 440 my and 480 my. 
The presence of the two long wavelength bands suggests that decomposition 
of triquinoyl octahydrate to rhodizonic acid has taker, place.
Hie incomplete knowledge of sate of the structures of these 
oxocarbons and their lack of solubility in non-polar solvents precludes 
a fully quantitative interpretation of the ultraviolet-visible spectra cf 
these labile canpounds.
CHAPTER 3.
folecular orbital calculations on some cxocarbons.
3.1. Introduct ion
Qualitative agreement lias been claimed between the results o£ 
HUckel M.O. calculations and the observed energies of the principal 
electronic transitions o£ the exocarbon anions, C5052“, and
C6^6 2 - 1 4  LCAO-SCF-MO calculations have been reported for the cyclic 
oxocarbons C5 0 6, Ce0 6 2 aid CgOs4 s but the results were not meaningful. 7 
This arises from the use of the same values of the valence state 
ionization potentials and electron repulsion integrals for both the 
neutral molecule and the charged species. Similar calculations on the 
croconate anion, C505 2 , have also produced inconclusive results. 7 3  Both 
these studies clearly indicate the non-transferability of values of 
integrals derived for neutral molecules, to related ionic species.
They also highlight the problem of the choice of suitable parameters for 
oxocarhon anions. Although, recently good agreement has been obtained 
between the calculated and observed electronic transition energies of the 
anions of phenol, a- and. 3 -naphthols, and the quinolinc-ls. 1 3 5
The inconclusive results obtained in the previous studies on 
oxocarbon anions have prompted this investigation of seme neutral 
oxocarbons. Both Hlckel M.O. and Pariser-Parr-Pople (P-P-P) M.O. 
calculations have been carried out.
3.2. Brief outline of the methods used
In the LCAO-SCF-MO method the total electronic wavefmiction 
representing the ground state of a closed shell ir-electron system is 
expressed as a single Slater determinant, which is built up from a linear 
combination of antisymmetrized configurations of component molecular 
orbitals (M.O.’s), <j>., which are themselves linear combinations of 2J»ir 
atonic orbitals (A.O. ;s), <(> .
The coefficients are determined by an energy minimization 
process, employing the variational principle.
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The energy is given by
H<Jk = Epi ......    (2 )
where the electronic Hamiltonian for the molecule is 
core o
H = I  H     (3 )
y y<v yv
Hie general set of equations for has been given by Roctlian. 1 3 6
I c. (F - ES ) = 0  ......      (4)L IV yv yv' ^
v
The solution of these secular equations through the determinant
IF - ES I = 0 ................   (5)
1 yv yv1
gives the self-consistant field ( S.C.F.) orbital energies.
F ~ H001"® '<• I A^cr {<yA|G|va> - \ <yA|G|av>} ... (5) yv yv “ 11 ‘- * * 1 1
A a
and KCOre « / <f> {-lv2-yv (r)} <J» d v .............  (7)yv J y L or ' rvH a
<yA|G|va> = // ^(1)^(2) .... (8 )
Va(r) is the potential due to the nucleus a.
The overlan integral S = fcf> <J> dv ...............  (P)yv J ry v
P. - 2Jc.. c. ....      (10)A a “ lA 1 0  
1
In the P-P-P procedure1 3 7 ’ 1 3 8  various systematic approbations 
are introduced. The a- electrons are treated as a nen-polarizable core 
end their effect is included in the l ^ ie terms. Hie overlap integral 
S is neglected, except when y® v, in which, case = 1. A further 
consequence of this approximation is that all the two-electron integrals
<yAjG[vo> are neglected unless y = v and' X~a.
With the introduction of these approximations
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p  = 21
i
c .  c .yv l y  i v
ii
p
. 21i
c 2 -l y
F - U + 1 P y + J (P - Z ) y ........ ill)yy yy yy yy 2  uu or Jyo! ' J
**  Fyv  = C 0 "  1 Pyv  V  ^  . . . . . . . . . . . . . . .  (12 )
where the bond order matrix elements P are defined asyv
...................................(1 3 )p  i ..V
and
Z represents the ir-electron core charge of the atcn associated with 
0)
A .O . to.
Y (and y ) axe the two-electron repulsion integrals < y v | G | y v > .  y v  v y y '  J 1
Hie one-centre repulsion integrals, y- . are normallyyy 7
approximated as
y : = l y  -  Ay....... ............................................................................  (15)
yy
where l y  and Ay are the valence-state ionization potential and electron 
affinity of A.O. y, respectively.
Th.e core integral TJyy is associated with the ionization 
potential l y  by
i ly y  -  -  l y  ........................................................................... .. (16 )
("* OT"? • •Whilst the core resonance integral F! ' is obtained empirically.yv  1
In the FSickel ICAOM) method, with zero differential overlap, 
the same secular determinant is solved. However, the F matrix elements 
are not defined explicitly as in the F-P-P method., but are left as
empirical quantities a and $ , the so-called Coulomb and resonance
integrals.
F = a,  ........................................................................... (17)
yy y
F = 3        (13)yv  yv
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in terms
For computation; . TTurnoses, a and 6 are normally exnressed* y y v  1
co 'fk'fr
(19)
and ,o (2 C)
3.3. Summary of parameter values used
(a) P-P-P method.
The good agreement obtained by Nishiiac-to and Forster11+0 between 
the calculated and observed electronic transition energies of heteroatcmic 
molecules has led to the use of most of their suggested parameter values 
in these calculations on the oxocarbons, rhodizonic acid, croconic acid, 
souaric acid and tetral<ydroxy-p-benzcquinane.
Their valence-state ionization energy, ly, and electron affinity, 
Ay, values were used in calculating the one-centre integrals
Uyy = -ly
C+ = -11.16 e¥
0+ = -17.7C eV
Cf+ = -32.90 eV
C » 11.13 eV 
0+ = 15.23 eV 
0++ = 21.53 eV
similar values of ly and Ay are reported by Kinze and Jaffe.141
The two-centre repulsion integrals, y , were calculated by meansy v ■
of tho Nishimotc-Hataga formula.142
where
and r is the distance between atoms y and v, yv
For the core resonance integral, Buors, Nfishimoto and Forster-'40
|-l V
have proposed the so-called * 3 ' approximation in which tTie two-centre 
resonance integrals, B are ccmouted £rc:t fixed molecular geometries
C~.a /
and re-adjusted at each, iteration by means of the relation
8 = A + A,PC“X O 1 C“X
where F„ „ is the bond order of the c-x bond, A and A, are constants £o-C“X 0 1
a given bend type.
The Nishimoto and Forster values of A = -2,04 and A, = -0,51o 3.
for C-C bonds, A = -2,44 and A- = -0.56 for C-0 bonds were used in 3 o i
calculating the two-centre resonance integrals, 8 . , with the followingC“X ’
bond order assumptions:
V
'c-c 0, ec-c = ••2. Ci eV.iioII
p.° 1, c^=c -2,55 eV.IIcII
p..° 1, ec= 0  = -3.00 eV.
V
" C - O r r  ~re. 0 , e<>%
-2.44 eV.
.No adjustment of 8 was carried out after each iteration,c-x
The value of B is the same as that used in calculations
on various carbonyl cmpounds,1435144 although the values of 3 and
L> v--
8 used by these workers were -1,68 eV and -2.92 eV, respectively. c=c /
It would atnear that the value of 3" is nos-/ generally accepted as anc-x
adjustable parameter within the range -2 eV to -3 e^.145*146
The bond-lengths used, in these calculations, for the evaiuatior
of y values are reported in Fig. 3.1. yv
The values chosen for tetrabydroxy-u-benzoouinone are taken 
frc>i single-crystal x-ray diffraction data.54 No comparable data are 
available for the other three molecules. ‘Re bond length valu.es for 
scruaric acid were estimated from the values reported for the 
cyclcbutenedione compounds phenyl-cyclobutenedione147 and cyclohexen-1- 
yl-cyclobutenedicsne.148 Similarly, ninhydrini49 § tis©d as the basic 
structure for the estimation of bond lenrrtlis in croca.dc acid..
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Qxocarbon bond lengths and symmetries.
fV
o
o
Rhodizonic acid 
C2v
Ho
o
Croconic acid 
C2v
H o m4
I-26
o
f
HO O
Squaric acid 
C2v
H O
Tetrahydroxy-p-benzoquinone
D2h
Fig. 3.1.
Since no analogous data is available for rhodizonic acid its bond lengths 
were assumed to be very similar to those of the other oxocarbons.
Transition energies, both without and with full configuration 
interaction, C.I., and oscillator strengths were computed for each 
molecule.
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(b) HUckel method.
Klidcel M.O. calculations were performed on rhodizonic acid,
croconic acid, sctuaric acid and the unlnom dihydroxycyclopropeiione,
and on both their oxidation products, the unknown anhydrous compounds
triquinoyl, leuconic acid, cyclohutane-tetrcne, cyclopropane-trione,
and also on their reduction products, tetrahydroxy-p-heiizoquinane and
the unknown tetrahydroxy-cyclopentadienone and tetrahydroxy-cyclobutadiene.
In these calculations the values for K were taken from Streitwieser. 1 3 9yv
and the h. values from Baird and Whitehead. 1 5 0  The equations for the
Coulomb (Equ.19) and resonance (Bqu.2C) integrals were modified by the
inclusion of the so-called "auxilliary iductive parameters'', A.I.P.’s . 1 3 9
Thus the following Coulomb a and resonance 8 inteqrs! values werey yv
used:-
h '
0
= 0.96, a ' = a + 0.96g , 
0  c cs
h " 
0
= 2.13, a !t = a + 2.138 , 
0  c c5
6 * = 0 . 1  = A.I.P., cs! = a +
6 " = 0.05 = A T P
= 1 0-i- o e>rr
C = 0
V
" C“ OfT = 0.8.
, - u, + 0.10658cCc-Oj^  c c
3.4. Discussion of results
(a) flichel M.O. calculations.
The calculated charge densities and bond orders are given in 
Fig. 3.2. The calculations predict significant charge localization on 
the oxygen atoms of the carbonyl groups, also the carbonyl oxygen charge 
densities are found to increase markedly with decreasing ring size, as 
exemplified by the series of oxocarbons rhodizonic acid to dihydroxy- 
cyclopropenone. In the unknown molecule, dihydroxy-cyclopropenone, the 
calculated charge density value on the carbonyl oxygen atom, 1.755, 
approaches that for the hydroxyl oxygen atoms, 1.P23, indicating an 
almost symmetrical electronic structure. This charge increase with, 
decreasing ring size is in agreement with the results of tfest and 
Powell141' on the corresponding oxocarbon dianions.
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Calculated oxocarbon charge densities and bond orders.
1-401
1-316 1-279 ''9 1 0
O HO
7 3 9
O'
rhodizonic
acid
Y\Or
I-42S
•7^o"ia'
crocomc
acid
1-907 1-S4I
H O  .0
\809_A743
H O ^
squaric
acid
1-928 
H O  
\*8o3
n  -v 'SAG — j'755
h o /
dihydroxy-
cyclopropenone
I 2 S 9
°-' X
o*
triquinoyl
o -  -O
I-261o
o
leuconic
acid
1-280
o. P
-120
■528
o
cyclobutane-
tetrcne
1-2.90
cyclopropane-
trione
1-399
tetrahydroxy-p-
benzoquinone
1-320
OH
HO'
O H
1-928
HO. -OH0-071
HO OH
tetrahydroxy- tetrahydroxy-
cyclopentadienone cyclobutadiene
Fig. 3.2.
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The calculated M.O. energy levels (Fig.3.3) indicate that in 
the series rhodizonic acid to dihydroxy-cyclopropenone the electronic 
transition frequencies are expected to undergo a hypsochromic shift. 
Also a qualitative explanation is provided for the decrease in ease of 
reduction of these oxocarbons as the ring size decreases.
Fig. 3.3. M.O. energy levels
-i-o _
- o - s
no
oa v_/
<D 0-5 --
o
«
• 5 ..
■— £-4—  1-357
rhodizonic croconic squaric dihydroxy-
acid acid acid . cyclopropenone
Note:- Chly the two highest filled and two or three lowest unfilled M.O.'s 
are given.
Tetrahydroxy-p-benzoquinone is known as the dihydrate only, 
whilst tetrahydroxy-cyclopentadienone, the reduction product of croconic 
acid, has not been isolated. Tetrahydroxy-cyclobutadiene, the reduction 
product of squaric acid, is also unknown. These calculations predict 
that tetrahydroxy-cyclobutadiene would exist as a diradical due to the 
degeneracy of the highest filled molecular orbitals, which are also found 
to be anti-bonding. A similar diradical character has been postulated 
for the cyclobutadiene ring system,151 in this case the degenerate pair 
of singly occupied molecular orbitals are non-bonding in character.
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(b) P-P-PM.O. calculations.
P-P-P M.O. calculations were performed on the four oxocarbons 
rhodizonic acid, croconic acid, squaric acid and tetrahydroxy-p- 
benzoquinone. The calculated charge densities and bond orders are given 
in Fig. 3.4.
Although no absolute comparison can be made between the charge 
densities and bond orders as calculated by the Hticlcel and P-P-P procedures, 
it can be noted that the Hlickel method tends to over-emphasize the ionic 
character of the molecules. In the P-P-P calculations the ring size does 
not have such a significant influence on the carbonyl group charge densities.
Calculated charge densities and bond orders.
o
H O
rhodizonic
acid
1-877
HOlCia
H O
•7 3 8 \
.7i7>^ 0
croconic
acid
1 -8 7 6
Hc\ r  -tJ
•7>83
HO4F
304
HO
squaric
acid
-OH
O H
o
tetrahydroxy-p-benzoquinone
Fig. 3.4.
Transition energies both without and with, full configuration 
interaction (C.I.), and oscillator strengths. together with the observed 
electronic transition energies are given for tetrabydroxy-p-benzcquinone 
in Table 3.1., squaric acid in Table 3.2., croconic acid in Table 3.3., 
and. rhodizonic acid in Table 3.4. /II of the experimental transition 
energies are taken from spectra recorded in dilute hydrochloric acid, 
in which it is assumed that the oxocarbons are undissociated.
Table 3.1. Theoretical and experimental transition energies of
tetrahydroxy-p-benzoquinone.
Electronic Calculated Energy (eV) Oscillator Experimental
transition No C.I. Full C.I. Strength Energy (eV)
’A -> IB1 
P> lg
2.40 2.35 0 2.51 (e 140)
•A *B-g 2 u Cy) 3.78 3.57 0.862 4.03 (k 18,603)
’A - 'B,.
g  O i l
(x) 5.30 5.26 0.337 5.64 (e 6,503)
hi -> 'A
g g
5.73 5.63 0
'A -* !B,g lg 5.95 5.93 0
'A -> 'B- g 2 u Cy) 6 . 0 2 6 .C2 1.117
fA 3 B-
g lg
1.58 1 . 2 1
* \ a 1.64 1.08
'A Vg 2u
3.69 3.48
’ * -V
“s Is
4.42 3.85
•A + 3 B7  g 3u 4.76
4.71
’A 3A
g g
4.82 4.41
’Ag - 3 ]3 2 u 5.16
4.46
’Aa ^  X 5.34 4.71
In the electronic absorption spectrum of tetrahydroxy-p- 
benzoquinone three distinct bands are observed.
The highest energy band at 5.64 (e 6,500) is rather bread so that
its position cannot be determined very' accurately. In view c£ this,
there is reasonable agreement between its energy and that calculated for
the *A -* jr->rr* transition, 5.30 eV, which, from the operation of the
selection rules for electric diode radiation under the Do1 ocint vrroixn
is expected to be x-axis polarized. Hie most intense band at 4.03 eV
(e 18,600) may be assigned to the y-axis polarized 5A^ tt-ht*
transition, calculated to occur at 3.78 eV. These assignments are
supported by the qualitative agreement between the measured molar
extinction coefficients and the calculated oscillator strengths. The
broad low intensity band at 2.51 eV (e 140) may arise from a n->rr*
transition although the intensity is somewhat greater than is normally
observed for iwr* transitions in quinones. 1 5 2  Enhancement of the n*ir*
transition intensity could arise from the overlap of the carbonyl lone
pair orbitals with the delocalized ir system of the molecule however, this
is unlikely because the quinone molecule is loicwnto be planar. 5 4  A more
likely explanation of this band is that it is due to the tt-vt* parity
forbidden *A -* fB, transition which is calculated to occur at 2.40 eV. g ig
The shape of the band on the low energy side suggests that there could be
a mir* band which is largely obscured by the ’A -> fB-, band. .An intense
~ 7 g J-S
high energy band is also predicted at 6.02 eV due to a ’.A ->g 2 d
transition. Increased absorption was noted at approximately 6  eV 
however, the instrumental limit lies at approximately 6.2 eV so that this 
band probably occurs beyond the limit of detectability.
It may be noted that C.I. has only a minor effect on the singlet 
state energies but a much larger effect on the triplet state energies. 
However, all singlet+triplet transitions are spin forbidden and therefore 
are extremely weak and are not observable.
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Table 3.2. Theoretical and experimental transition energies of squaric
acid.
Electronic Calculated Energy (eV) Oscillator Experimental
transition Mo C.I. Full C.I. s trenptb Energy (eV)
t A ^  » A 
1  - 1 (z) 4.50 4.41 0.453 3.99 (E 87)
*A 1  * ’ B 2 Cy) 4.70 4.57 0.660 4.81 0  22,0)0)
’ A 1  " ’A 1 (z) 7.31 7.25 0.569 5.34 (e 65.400)
*4 ■*.*?>
1  " 2 (y) 7.56 7.42 0.660
»A -v 1.94 1.50
’A -> ^A 
‘ 1  U1 3.1C 2.89
' h  *  \
4.70 4. 0 1
A 1
5.90 5.01
The absorption spectrum of squaric acid shows three distinct 
absorption bands. A low energy band at 3.9° eV (e 87) is most probably 
due to a mir* transition. The band at 4.81 eV (e 22,(DO) appears as a 
shoulder on the low energy side of the intense band at 5.34 eV (e 65,400).. 
The observed energy of 4.81 eV is in reasonable agreement with the 
calculated energy of 4.70 eV for the fA^ -*• transition which is expected 
to be y-axis polarized. The calculated transition at 4.50 eV is probably 
hidden under the intense band at 5.34 eV. This intense band does not 
correspond to any calculated transition energy. Its high intensity suggests 
that it may be due to a charge transfer, C.T., transition.
Table 5.3. Theoretical and experimental transition energies of
croc:onic acid.
Electronic Calculated Energy (eV) Oscillator Experimental
transition No C.I. Full C.I. Strength Energy (e¥)
'h * 'Ai (z) 3.49 3.44 0.199 2.85 (e 64)
’h  * , e 2 (y) 3.95 3.81 0.747 3.51 (e 6,403)
’A 1  ^  ' B 2 (y) 6.90 6.79 0.175 3.94 (e 11,500)
’A 1  + (z) 6.98 6.78 0.233 4.14 (e 12,900)
'A 1  * \ 1.67 1 . 2 0
5.39 (e 6,400)
'h * \ 2.75 2.57
'A 1  * \ 4 . 2 1 3.05
* % 4.74 4.62
<A1 * \ 5.57 5.20
Hie spectrum of croconic acid exhibits five distinct bands,
The low energy band at 2.85 eV (e 64) may be assigned to a n*ir* 
transition. The bands at 3.51 eV (e 6?400) aid 3.94 eV (e 11,SCO) are in 
excellent agreement with the calculated ir->ir* transition energies of the 
-*• 'Aj, 3.49 eV, and the •> 3.95 eV, transitions. The band
intensities are in qualitative agreement with the calculated oscillator 
strengths. None of the calculated transition energies correspond to the 
two observed bands at 4.14 eV and 5.39 eV, it seems very likely that 
these are due to charge transfer transitions.
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Table 3.4. Theoretical and experimental transition energies of
rhcidizonic acid.
Electronic Calculated Energy (eV) Oscillator Experimental
transition No C.I. Full C.I. strength Energy (eV)
1 A v * A
'l "I (z) 3.24 3.21 0.081
•A, ->■ fB„
“ 1  2 (y) 3.57 3.45 0.689 3.91 (e 12,000)
■ A ^ ' A i (z) 5.88 5.79 0.146 5.30 (e 5.903)
'h ^  'h (y) 6 . 2 1 6.13 0.277 5.9C (e 4,000)
x
'A 1  - b 1.73 1.25
'h + \ 2 . 8 8 2.72
•fbt ^ A.ir\
JL I
4.12 2.91
* A '^■q
rl * *'2 4.52 4.07
X
’A.
• 1  1 5.25 4.37
•A. + 3 Bn
1  Zi 5.28 4.98
• A  ^A
1  "I 5.50 4.92
’A 1  + \ 5.68 5.17
The rhodizonic acid spectrum has two distinct absorption bands 
at 3.91 eV (e 12,000) and at 5,30 eV (e 5,9(D) and. also a shoulder at 
5.30 eV (e “4,000). Hie observed transition energies do net show a very 
close agreement with the calculated ir-Mr* transition energies of 3.57 eV. 
5.88 eV and 6.21 eV. The weak transition calculated at 3.24 eV is not 
observed however, it could be under the much stronger band at 3.91 eV 
(e 1 2 ,0 0 0 ).
The lack of close agreement between the calculated and observed, 
transition energies in the rhodizonic acid spectrum probably arises from 
the- rather drastic assumptions made about its structure, hot only may 
it he incorrect to assume a planar structure but it is also probable 
that two of the carbonyl groups may he hydrated, producing an 
incompletely conjugated system. In view of these assumptions the 
agreement between the observed and calculated transition energies is 
reasonable.
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Despite tl.se gross assumptions made about the- structures of loose 
fair oxocarbons in solution the results of the P-P-P calculatiai \ij pTO-vj 
a reasonable explanation of the electronic transitions in these cxanpcutidt*
CHAPTER 4
Mass spectrometric study of sane oxocarbons.
#7
4.1. Introduction
Electron intact fragmentation studies were carried out on the 
oxocarbons, squaric acid, croconic acid, rhodizonic acid dihydrate, 
ociahydroxy-cyclobutane, leuconic acid pentahydrate, triquinoy.1. 
octahydrate, and tetraliydroxy-p-benzoquinone in order to clarify some of 
the structural ambiguities which have not been resolved by other 
spectroscopic techniques.
The fragmentation, upon electron impact, of all these compounds 
involves the scission of too C-C bonds with elimination of carbcn 
monoxide followed by ring closure. The elimination of carbon monoxide 
is substantiated., in most cases, by the presence of the appropriate 
met.as table pea1:.
Ibis elimination of carbon monoxide in specific molecular 
re-arrangements in the mass spectra of oxygenated, organic compounds has 
been discussed by Beynon et al. 1 5 3  The process is of wide occuranco and 
has been observed in the mass spectra of a large marker of carbonyl 
compounds such as cyclic ketones, 1 5 4  quinones and polycyclic ketones, 1 5 5  
tropone and tropolone derivatives, 1 5 6  substituted naphthoquinones, 1 5 7  and 
unsaturated cyclic ketones. 1 5 8
4.2. Discussion of results
(a) Fragmentation of squaric acid, croconic acid and rhodizonic
acid.
Squaric acid, croconic acid and rhodizonic acid all break clown 
to yield the next lower member of the series of di-enol polycarbonyi
Cn- 1  °n-l h-
The mass spectrum of squaric acid (Fig.4.I.) shows a fairly 
intense parent molecular ion peak m/e 114. The occurence of the base 
peak at m/e 18 suggests that loss of water is of considerable importance 
in the fragmentation. The ion peaks m/e 8 6 , 6 8  and 58 can be envisaged 
as arising from the following fragmentation. (Diag. 4.1.)
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HO.
HO'
rru
O.
O
HO
HO1
-O
114 i/e 8 5
+ *
- c o
nr\S 39-1
, ~ w z O  
•*
m s  53-7
A
+ ■
r\j<L 6 8
CHO
CHO
hn/e 5 8
Diag. 4.1.
Note: Fragmentation paths marked with an asterisk are substantiated by
the appropriate metastabie peak (ms)
Hie most likely structure of the first breakdown product, m/e 8 6 , 
is that of the unknown lowest member of the series of di-enol carbonyl 
compounds C 0 dihydroxy-cyclopropenone (n=3), rather than mesoxalic 
di-aldehyde.
Simple .HUckel M.O. calculations by West and Powell1 4  have 
predicted an unusually high resonance energy for the di-anion of 
dihydroxy-cyclopropenone, but at the same time, they have suggested that 
angle strain may reduce its stability. Recent studies on di-phenyl- 
cyclopropenone, 1 5 9 ’ 1 6 0 mono-aikyl-cyclopropenones, 1 6 1  and cyclopropenone1 6 2  
have established the stability of this type of strained ring compound, 
and Faraum and Thurston1 6 3  have prepared the pheny 1-hydroxy-cyclopropenone, 
although the dihydroxy-cyclopropenone has resisted isolation.
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It is difficult to construct a breakdown process in which mesoxalic 
di-aldehyde, unknown in the free state, would lose carbon monoxide to give 
an ion of m/e 58 rather than two formyl radical ions m/e 29. The loss of 
water from the ion m/e 86 could give rise to either the carbon suboxide ion, 
C302 , m/e 68, or a cyclic three-membered ring structure. The latter structure 
appears to be energetically unfavourable.164
The mass spectrum of croconic acid, (Fig. 4.2.), shows a very 
intense parent ion peak m/e 142. The initial breakdown of this ion involves 
the formation of the squaric acid ion m/e 114. (Diag. 4.2).
H O
H O
+•
—c o
*
ms SI S
H O .
+*
Ho' O
mje. \\A
— CO
m *  S S 'O
H O
H o
■>/«. Qfe
Diag. 4.2.
Further fragmentation then follows the pattern shown by squaric acid, 
except that the base peak is at m/e 58 rather than m/e 18. Since m/e 58 
is the base peak, the corresponding molecular ion should be fairly stable 
and therefore it seems reasonable to suggest that it is the glyoxal ion. 
The formation of glyoxal appears to involve a double hydrogen transfer.
A similar transfer has been proposed in the fragmentation of 2-hydroxy- 
5-methyl-benzoquinone.165 However, it-is possible that the ion m/e 58 is 
the dihydroxy-acetylene ion, since it has been postulated as one of the 
products of the cyclopolymerization of carbon monoxide.15
The mass spectrum of rhodizonic acid dihydrate (Fig. 4.3). differs 
from those of the two lower members of the series in that the parent ion 
peak is observed at m/e 172 together with a peak of similar intensity at 
m/e 170.
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The mass spectrum at low source temperatures and pressures shows 
a parent peak at m/e 206. The presence of this peak, although of very low 
intensity, does indicate that the two water molecules may be relatively 
strongly bonded, and not present as water of hydration. Tire most likely 
structure is the gem-diol form. Thus the relatively intense peak at 
m/e 172, due to the tetrahydroxy-p-benzoquinone ion, can be visualized as 
arising from the loss of two hydroxyl radicals from this gem-diol structure. 
(Diag. 4.3.)
+  •
OH
HO
■OH
O H
HO
OH
-aoH
nje. aos
HO. .OH
.OH
+
'rfsjo, l~72.
Diag. 4.3.
The fragmentation of the anhydrous rhodizonic acid ion m/e 170 
follows the characteristic pattern observed in croconic acid and squaric 
acid. (Diag. 4.4).
HO.
CO
HO
HO
a. 142.
+ ♦ p
HOn
-co
HK- 
m s  SI-S
O
/
\
HO O
rn /e. 4 4
+*
Diag. 4.4.
- 72 -
The base peak occurs at m/e 18, this is not surprising since 
dehydration of rhodizonic acid dihydrate would be expected to occur under 
the high vacuum conditions in the mass spectrometer. Eistert and Bock27 
have found that upon heating in a high vacuum the anhydrous rhodizonic acid 
is obtained, while heating under normal pressure produces carbon dioxide.
The relatively intense peak at m/e 44, due to carbon dioxide, suggests that 
thermal breakdown as well as electron impact fragmentation of rhodizonic acid 
has occured in the mass spectrometer.
(b) Fragmentation of octahydroxycyclobutane, leuconic acid
pentahydrate and triquinoyl octahydrate.
The mass spectrum of octahydroxycyclobutane (Fig. 4.4.) shows no 
parent ion peak of the fully hydroxylated structure at m/e 184. Also no 
ion peak at m/e 112, due to the fully dehydrated compound cyclobutane-tetrone 
is observed. The highest ion peak occurs at m/e 148 and is of very low 
intensity. The first relatively intense peak occurs at m/e 130 and the 
fragmentation can be represented as follows: (Diag. 4.5.)
HO  OH
HO-
HO -
-OH
-OH
HO  OH
+*
-2M 3.0
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y
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O OHV -OH
—^VO o
n/e. \3>o —
-co 
*
ms 0 0 * 0
-C O
4.
-»+*
CHO
COOH 
•n/e, 74
- C O
5s*7
.OH
OH
Diag. 4.5.
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The fragment ion peaks m/e 86, 68, 58 can be envisaged as arising 
from the following fragmentation scheme: (Diag. 4.6.)
OH
% -OH
O O
m/e. ISO
+ *
-COe
HO
-C O
HO
CHO
CHO 
•m/e. B©
Diag. 4.6.
The elimination of carbon dioxide is supported by the presence of 
a relatively intense peak at m/e 44.
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Fig. 4.6.
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Leuconic acid pentahydrate, upon electron impact, shows no parent 
ion peak at m/e 230, and also shows no peak for the fully dehydrated 
molecular ion m/e 140. (Fig. 4.5). It appears to break down to give the 
croconic acid ion, m/e 142. The fragmentation of this ion then follows a 
very similar pattern to that shown by croconic acid. The base peak is at 
m/e 18 so that dehydration must play an important part although it does 
not appear to go to completion. Eistert et al67- found that leuconic acid 
pentahydrate upon heating at 150-160° C decomposed with the production of 
carbon dioxide, water and a carbonaceous residue from which they were able 
to isolate a small amount of croconic acid. The production of croconic acid 
can be visualized as arising from the loss of both water and hydroxyl ions. 
(Diag. 4.7.) 1
H-o (p H O
HO
H O
H O
H O
Diag. 4.7.
The mass spectrum of triquinoyl octahydrate (Fig. 4.6.) is similar 
to both the octahydroxy-cyclobutane and leuconic acid pentahydrate spectra 
in that it does not show a parent ion peak of either the fully hydrated 
molecule at m/e 312 or the fully dehydrated molecule at m/e 168. Triquinoyl 
octahydrate breaks down to give a relatively intense parent ion peak at 
m/e 172, due to the tetrahydroxy-p-benzoquinone ion, and also a relatively 
intense peak at m/e 170, due to the anhydrous rhodizonic acid ion. The 
production of these two ions can be visualized as arising from the loss of 
■water and hydroxyl ions from the fully hydroxylated triquinoyl.
(Diag. 4.8). These two molecular ions then break down as in their individual
HO o— H
HO
H O
•OHHO
H O OH
HO OH
HO
O
mjo. 17 2.
H O
HO O —H • O"
HO -- GHaO
HOO-rHHO'
O
m  je. no
Diag. 4.8.
mass spectra. (Fig. 4.3. and Fig. 4.7.) The base peak at m/e 44, due to 
the carbon dioxide ion suggests that thermal degradation may also be taking 
place in the mass spectrometer. Dehydration experiments carried out by 
Bergel6 1 and Eistert et al6 7  also yielded carbon dioxide.
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(c) Fragmentation of tetrahydroxy-p-benzoquinone.
The dihydrate of tetrahydroxy-p-benzoquinone upon electron impact 
gives a parent ion peak of the anhydrous quinone m/e 172, which is also 
the base peak, indicating the high stability of this structure. (Fig. 4.7)
Fig. 4.7. Mass spectrum of tetrahydroxy-p-benzoquinone dihydrate.
onHO
OHHO
O
O ZO 4 0  GO 90 lOO *2 o  *4 0  *6 0  *6 0  COO
m/e, m a s s /c h a r g e
The fragmentation pattern can be represented by the following 
scheme : (Diag. 4.9.)
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The intensity of the ion peak m/e 144 suggests a high stability 
■for the postulated tetrahydroxy-cyclopentadienone ion. The ion m/e 116 
is postulated as the tetrahydroxy-cyclobutadiene ion .which would be expected 
to be unstable.
The mass spectrometric study of these polycarbonyl compounds adds 
support to the postulate that the cyclic di-enols are members of one series 
of compounds, C 0 ^ ,  and provides some evidence for the existence of the 
lowest member of this series, dihydroxy-cyclopropenone. The close 
similarity between the three oxidation products is indicated by their 
behaviour upon electron impact.
CHAPTER 5
A study of six- and five-me.mbered ring oxocarbon corflensation
products.
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5.1.• Introduction
Various condensation products have been isolated from reactions 
between oxocarbons and o-phenylenediamines,85>87“90” and ethylenediamine.91 
Their structures were postulated almost exclusively on the basis of 
analytical data, and whilst recent work has led to the isolation of several 
of these conpounds their structural ambiguities have not been resolved.93
In this study condensation products have been obtained from 
reactions between both six- and five-membered ring oxocarbons and various 
o-phenylenediamines. The resulting products may be considered as 
derivatives of either quinoxaline or phenazine.
Tetrahydroxy-p-benzoquinone condenses with o-phenylenediamines 
to yield high melting, sparingly soluble solids which are formulated as
1,2,3,4-tetrahydroxy-phenaz ines. (Diag.5.1).
OH,N
N O H
OH
■OH
I. R1 = R2 = H; IV. R1 * H, R2 - Cl;
II. R1 ■— H, R2 = CH3; V. R1 = H, R2 = COOH;
III. R1 » R2 - CH3; VI, R1 = H, R2 = N02.
Diag. 5.1.
Rhodizcnic acid with o-phenylenediamines produces high melting, 
sparingly soluble solids which are formulated as 2,3-dihydroxy-phenazine
1,4-quinones. (Diag. 5.2).
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R1
K1
.OH •OH
NH. OHOH
VII. R1 = R2 = H; X. R1
VIII. R1 = H, R2 = CH3; XI. R1
IX. R1 = R2 = CH3; XII. R1
Diag. 5.2.
H, R2 = Cl;
H, R2 = C00H; 
H, R2 = N02.
With excess o-phenylenediamine, rhodizonic acid gives a green 
di-condensation product, quinoxalino-(2,3-a)-3,4-dihydroxy-phenazine. 
(Diag. 5.3).
NH, .OH
N OHOH
O OH
XIII
Diag. 5.3.
Triquinoyl octahydrate yields with o-phenylenediamines hydrated 
yellow mono-condensation products which can be tentatively considered to 
be phenazine-1,2,3,4-tetrones. (Diag. 5.4). These compounds appear to be 
contaminated by polyccndensation products. With excess o-phenylenediamines 
tri-condensation products, diquinoxalino-(2,3-a, 21,31-c)-phenzines, are 
obtained.
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XIV - XVIII
XIX R1 = R2 = H; 
Diag. 5.4. XX R1 = R2 = CH3.
These phenazine-tetrones are obtained more conveniently by the 
oxidation of the corresponding tetrahydroxy-phenazines. (Diag. 5.5).
Diag. 5.5.
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The inter-relationship between the various six-membered ring 
oxocarbon condensation products was established by the following series of 
reactions: (Diag. 5.6).
o
N O
VN'- y  " O  
(XIV) O
H
excess
o-phenylenediamine
Triquinoyl 
octahydrate. 
Diag. 5.6.
o-Pd
Similarly, condensation products were isolated from the 
five-membered ring oxocarbons, croconic acid and leuconic acid pentahydrate. 
(Diag. 5.7).
(xxii) (xxni) [p]
R1 = R2 = H; R1 = R2  = CH3.
(XXIV) R1 = R2 = H.
•SBjO
(XXV) (XXVI)
R1 = R2 = H; R1 => R2 = CH3
Diag. 5.7.
Structural studies were carried out on these condensation 
products, using infrared, *H NMR and ultraviolet-visible spectroscopy.
5.2. Infrared spectra
(a) 1,2,3,4-Tetrahydroxy-phenazines.
The infrared spectral data on the 1,2,3,4-tetrahydroxy-phenazines 
are presented in Table 5.1. Their spectra exhibit many similarities in 
the 3,650 cm’’ 1  to 1,300 cm- 1  region. The broad absorption bands in the
- M, -
~*i
~3,650 on to ~2,400 cm 1 region are indicative of cither intra- or
inter-molecular hydrogen bonding. Fo specific assignments can be
- 1 - 1
made in the **1,670 cm " to ~1,300 cm region , as bands in this region
siay be due to M-*H and Q-H deformations, c~o stretching and ring
stretching vibrations,16c
Table 5.1. 1»2,-3,4-Tetrahydroxy-phenazine infrared snectral data
I II III IV V ¥1
3,500- 3,650- 3,500- 3,600- 3,640- 3,630-
2,SCO an "^b 2,7CO cm %  2,600 cm."1!s 2,850 cm 1b 2,400 an \> 2,500 an
3,380 s 3,430 m 3,450 s 3,220 s 3,230 s 3,480 s
3,240 s 3,310 s 3,415 s 3,070 s 3,270 s
3,120 hi 3,330 s 1,660 m. 3,100 s
1,65 Cm 1,650 m 3,040 s 1,630 s 1,705 s 3;080 s
1,625 m 1,555 s 1,670 m 1,590 s 1,635 n 1,645 vi
1,610 m 1,535 s 1,630 m 1,530 m 1,615 r 1,5S0 s
1,545 s 1,470 m 1,555 s 1,480 m 1,560 s I.,515 in
1,475 s 1,390 s 1,530 s 1,405 s 1,490 n 1,480 m
1,410 s 1,360 s 1,455 m 1,365 n 1,420 s 1,415 a
1,3P5 s 1,247 s 1,415 s 1,315 m 1,400 s 1,335 s
1,335 m 1,143 r. 1,395 s 1,260 s 1,365 s 1,303 3
1,285 j 1,133 m 1,335 s 1,127 m 1,300 s 1,250 s
1,235 s 1,025 s 1,255 s 1,080 m 1,230 s 1,203 m
1,156 m 813 m 1,132 n 1,038 s 1,153 m 1,147 m
1,140 m 773 m 1,041 s 1,025 s 1,042 s 1,086 ni
1,125 m 757 m 1,020 s 940 m 1,016 m 1,093 3U
1,047 m 723 m 8  5 8 m 867 m 840 m 1,030 m
1,032 s 685 m 835 m 835 n 750 m Q/(_ ,7 n
1,038 s 612 m 760 m 810 m 722 ra /40 i'i
847 m 465 m 741 m 772 m 680 hi 470 m
767 ra 720 m 720 m 658 m
722 in 675 m 640 m 500 m
643 m 636 m 612 m 470 is
598 m 580 m 485 m
453 hi 460 m 430 n
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The tetrahydroxy-phenazines may exist as lactim-lactam tautomers. 
(Diag. 5.8). Such tautomerism has been observed in many N-heteroarcmatic 
compounds.167
Although 2-hydroxy-phenazine has been shown to exhibit lactim- 
lactam tautomerism, the 1-hydroxy-phenazine does not.168 However, in a 
recent study of varioushydroxy-phenazines, Corbett,169 was unable to 
confirm the existence of lactim-lactam tautomerism, since the medium to 
strong intensity bands in the 1,640 cm-1 to 1,620 cm’1 region were observed 
in derivatives which could exhibit this tautomerism as well as in derivatives 
which definitely had the lactim structure.
1act im-form
o
H
N .OH
N
H
‘OH
OH
H 1
r
N  ^
H t
OH
lactam-forms
Diag. 5.8.
Similarly, the spectra of these tetrahydroxy-phenazines contain 
medium to strong intensity bands in the 1,670 cm 1 to 1,610 cm 1 region. 
Experiments on tetrahydroxy-phenazine (I) led to the isolation of a 
tetra-acetyl and a tetra-benzoyl derivative. Cf course, this does not 
rule out tautomerism, since both 0-H and N-H groups could be involved in 
the formation of these derivatives. However, if these derivatives were 
formed from the lactam tautomers then at least two strong vc=o bands should 
be obtained. In the tetra-acetyl derivative spectrum an intense doublet is 
observed at 1,800 cm"1 and 1,785 cm"1 and in the tetra-benzoyl derivative 
at 1,760 cm"1 and 1,750 cm"1. No other strong bands are observed in the
-I
1,800 cro to 1,500 cm region. These intense hands must arise from the 
acetyl and benzoyl vc=o vibrations170 and not ring vc=o vibrations, since 
phenazinone vc=o bands have been observed in the region 1,631 cm"1 to 
1,622 cm \ 169 Therefore, the tetrabydroxy-phenazine structures appear 
to be the most likely in the solid state.
The ca.rboxy.lir acid V spectrum shows an intense band at 
1,705 cm 1 which may be assigned to the vc=o vibrations.
00 2,3-dihydroxy-phenazine-l,4-quinones.
The infrared spectral data are given in Table 5.2.
Table 5.2. 2,3-dihydroxy»phenazine-l,4-quinone infrared spectral data.
VII VIII IX *V7 XI XII
3,400- 3,640- 3,660- 3,640- 3,680
3:, 32 5 cm s 2,700 cm"1!> 2,500 cm \ 2,500 afh> 2,200 cm 2,300 cm
,140 3,310 s 3,610 s 3,520 m 3,590 s 3,630 s
2,500 m b 3,C£0m 3,520 s 3,315 m 3,330 s 3,52Q s
3,075 m 3,350 s 3,050 m 3,050 s 3,ICO m
3,000 m 1,655 s 2,975 s 1,655 s 3,080 m
1,630 s 1,680 s 1,620 s 1,680 s 3,050 m
1,690 m 1,530 s 1,660 s 1,530 m 1,655 s 1,650 s
1,665 s 1,495 m • 1,620 s 1,480 m 1,635 s 1,620 s
1,640 s 1,410 m 1,525 m 1,380 s 1,535 m 1,555 s
1,575 m 1,360 s 1,485 m 1,355 s 1,365 s 1,535 m
1,545 m 1,297 s 1,455 m 1,300 s 1,320 s 1,460 m
1,500 s 1,209 m 1,390 m 1,183 m 1,292 s 1,370 s
1,375 s 1,166 m 1,365 s 1,137 m 1,278 s 1,330 s
1,325 s 1,138 m 1,335 s 1,070 m 1,175 s 1,195 m
1,310 s 1,050 m 1,310 s 1,052 s 1,043 s 1,130 m
1,298 s 1,038 s 1,225 s 938 m 880 m 1,057 s
1,240 s 845 s 1,054 s 846 s 766 s 930 m
1,215 s 742 m 878 s 720 m 643 m 872 s
1,133 m 732 m 725 m 675 m 536 m 748 s
1,048 s 
1,010 m 
777 s 
743 n
600 m 
575 m 
432 m
653 m 
433 m
596 m 
430 ra
465 m 565 m
637 m 497 m 
596 m 437 m
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The infrared spectra of the 2,3“(HS-iydrox7-T^ ena2ine--l,4-quinoiies 
again show either intra- or inter-molecular hydrogen bonded vO-H
1  ^-I
vibrations in the 3,680 cm to 2,2CD an region. Hie medium to strong
*1 '•
intensity quinonoid vc=o bands occur in the region 1,690 cm" to 1,650 cm x.
(c) Fhenazine - 1,2,3,4-tetrones.
M l  these condensation products are obtained as poly-hydrates 
and it is possible that sane of the carbonyl groups may be hydrated to 
the gem-diol form. Their infrared spectral data are given in Table 5.3.
Table 5.3. Jhenazine - 1,2,3,4-tetrone infrared spectral data.
XIV XV XVI XVII XVIII
3,435 cm s^ 3,550 cm^s 3,650-2,700 cm^b 3,700-2,600 cm™1!; 3,650-
3,140 s 3,480 s 3,630 ra 3,520 s
2,400 s 
3,465 s
2,810 m 3,350 s 3,560 s 3,470 s 3,175 s
1,730 vs 3,140 m 3,420 s 3,090 s 2,640 m
1,520 m 1,750 s 3,300 s 2,780 m 1,745 s
1,495 s 1,615 m 1,750 s 1,745 s 1,725 s
1,470 m 1,530 m 1,630 m 1,635 m 1, 6C0 ?n
1,410 m 1,505 m 1,530 m 1,605 m 1,540 m
1,365 s 1,410 m 1,495 s 1,530 m 1,435 m
1,285 s 1,390 m 1,480 m 1,490 s 1,370 s
1,122 m 1,365 s 1,465 m 1,450 m 1,310 m
1,080 s 1,216 s 1,395 m 1,395 s 1,263 s
1,035 s 1,200 ra 1,370 s 1,360 s 1,232 s
1,003 s 1,170 s 1,310 m 1,310 m 1,182 m
983 s 1,138 s 1,225 m 1,255 m 1,120 s
780 s 1,080 s 1,175 m 1,213 m 1,082 s
723 n 1,067 s 1,150 m 1,133 s 1,002 s
578 m 997 s 1,123 m 1,087 s 980 s
457 m 964 s 1,085 s 997 s 948 m
940 m 1,050 s 980 s 913 m
895 m 1,007 m 933 m 873 m
835 s 975 s 887 m 765 3
818 m 875 m 838 m 72S m
600 m 735 m 640 m
562 s 580 m 593 jy?.
423 m 535 m
440 m
4J7 it
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The bands in the region 3,700 cm- 1  to 2,400 cm- 1  indicate the 
presence of both free vO-H vibrations and also intra- or inter-molecular 
hydrogen bonded vO-H vibrations. The intense bands in the 1,750 cm” 1  to 
1,730 cm 1  region may be assigned to the ring vc=o vibrations. In the 
carboxylic acid derivative, (XVIII), the carboxyl vc=o vibration may be 
assigned to the strong band at 1,725 cm-1.
(d) Di- and tri-condensation products.
The dark green di-condensation product obtained from rhodizonic 
acid and o-phenylenediamine, quinoxalino-(2,3-a)-3,4-dihydroxy-phenazine, 
(XIII), has been isolated and studied by Eistert et al. 9 3 The isolation of 
yellow and violet tautomeric forms of this compound prompted these xvorkers 
to postulate the following eauilibrium: (Diag. 5.9).
green yellow violet
Diag. 5.9.
The yellow compound infrared spectra showed a relatively sharp band 
at 3,333 cm” 1  which was assigned to vN-IT vibrations, whereas the violet 
compound showed a broad band from 3,450 cm 1  to 2,950 cm . The strong bands 
at 1,667 cm” 1  in the yellow tautomer spectrum, and at 1,637 cm in the
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violet tautcoier spectrcsn, were assigned to the vc=o vibrations. However* 
no data were given for the green compound.
The green dihydroxy- compound, (XIII), (Table 5.4) shows a broad 
band pattern in the region 3,600 cm"1 to 2,400 cm-1. Tie band frequencies 
suggest intra- or inter-molecular hydrogen bonding, although it is not 
possible to say whether these are due to vO-H, vN-H or both types of 
vibrations. The medium intensity band at 1,690 cm"1
Table 5.4 Ouinoxalino-(2,3-a)-3,4-dihydroxy-phenazine infrared spectral
-i data.
3,600 - 2,400 cm”1 b
3,550 m 1,295 s
3,370 s 1,242 m
3,250 s 1,145 m
3,070 s 1,080 m
1,690 m 1,050 s
1,665 m 760 s
1,610 m 755 s
1,570 m 718 n
1,540 s 613 m
1,495 s 595 m
1,440 m 575 m
1,375 m 405 m
may be due to vc=o vibrations, although in the corresponding dione, (XXI), 
a strong band, which may be assigned to vc=o vibrations, occurs at
1,740 an 1. (Table 5.5).
Table 5.5. Quinoxalino-(2,3~a)-phenazine-S,4-dione infrared spectral data.
3,600 - 3,OX) cm""1 i.U
3,450 s 1,192 m 767 s
3,270 s 1,151 m 760 s
1,740 s 1,134 m 610 m
1,530 m 1,077 s 413 m
1,505 s 1,008 m
1,375 s 986 m
1,350 m 930 m
1,360 m 825 m
1,210 m 784 m
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The hexa-ketonic sti-uctur*> cf triquinoyl octahydrate is 
supported by the isolation of tlie tri-condensaiian products (XIX) and
(XX). Their infrared spectral data are given in Table 5.6.
Table 5.6. Tri-condensation product infrared spectral data.
XIX '\ry
3,070 cm  ^m 3,530 am" 1  s
1,525 m 3,475 s
1,500 s 3,045 m
1,480 m 2,970 n
1,410 m 2,955 m
1,370 s 2,925 El
1,345 s 2,860 m
1,213 m 1,640 TO
1,133 m 1,525 n
1,080 s 1,495 s
970 R1 1,485 s
770 ra 1,460 c.
757 s 1,370 S
723 m 1,213 s
60S m 1,092 s
540 m 1 , 0 1 2 m
410 m 875 s
733 s
430 s
Hie unsubstituted compound, (XIX), shows <
- 1
infrared spectrum. The band at 3,070 cm may be assigned to the vC-H
-1 -1 vibrations, whilst the bands at 1,525 cm , 1,500 cm. “ and 1,480 cm
may be due to the skeletal ring vibrations. Hie strong bands at 
„ 1
1,080 cm and 757 cm may be assigned to the in-plane and out-of­
plane O H  deformations, respectively.
Hie hexa-methyl derivative, (XX), crystalizes with two molecules
- 1  -Iof water. Hie vQ-K hands are observed at 3 , 5 3 0  cm and 3,475 cm „
- 1The band at 3,045 cm may be assigned to the ring vC-H vibration, whilst
-1 -1the bands in the region 2,970 cm to 2,860 cm may be due to the 
methyl group vC-K vibrations.
(e) Five-membered ring oxocarbon condensation products,
Croconic acid condenses with o-phenylenediaminss to give black 
high-melting, sparingly soluble mono-condensation products, whereas 
leuconic acid gives yellow-green di-condensation products. (Diag. 5.7) 
The infrared spectral data of these condensation products are given in 
Table 5.7.
The croconic acid condensation product, quinoxalino-(2,3-b)-
eyelorentadiene--1--one, (XXII), is obtained as a hydrate. Tl).e free
- 1vO-H vibrational band is observed at 3,650 cm . The other strong
-1 -1bands in the region 3,200 cm to 2,890 cm suggest the presence of
either intra- or inter-molecular hydrogen bonding. The doublet at 
■"1 “I
1,725 cm” and 1,710 an™ may arise from Fermi resonance between the 
vc-o fundamental and an overtone or combination band.
Table 5.7. Five-membexeO. iIng cjrccaxbo;a crrjdensatiori product, ii
 ^pe ct ral ci&t a *
XXII XXIII XXIV XXV xxvi
3,650 cm  ^'m 3,501 cnf ~ s 3,505 cirf1  :s 3,070 as * m 3,040 ci
3,150 s 3,090 s 2,995 w
3,110 s 3,190 s 2,860 m 2,950 n
3,020 s 3,015 m 2,730 m 2,920 m
2,890 m 2,920 m 1,770 m
1,725 s 2,850 m 1,780 s 1,745 s 1,740 s
1,710 s 2,770 m 1,775 m 1,735 m
1,655 m 1,720 m 1,755 s 1,590 m 1,630 m
1,615 s 1,705 n 1,545 m 1,570 is 1,575 m
1,570 s 1,610 s 1,510 m 1,550 m 1,545 m
1,520 s 1,540 s 1,500 s 1,510 s 1,490 s
1,490 s 1,500 s 1,370 s 1,475 m 1,470 m
1,455 s 1,425 s 1,330 m 1,410 m 1,410 m
1,440 s 1,390 m 1,245 m 1,365 s 1,380 m
1,370 s 1,360 m 1,157 m 1,235 m 1,355 s
1,318 s 1,305 s 1,138 m 1,148 m 1 , 2 1 0  s
1 , 2 2 2  m 1,283 m 1,088 is 1,115 m 1,123 m
1,180 m 1,218 m 1,013 m 1,074 s 1,087 s
1,163 m 1 , 1 2 0  m 994 s 953 is 1,007 m
1,123 m 1,113 m 790 s 823 m 912 m
938 m 895 m 768 s 814 m 890 m
778 is 745 ra 740 tn 784 s '873 m
760 s 632 m 577 m 767 s 730 is
632 s 563 m 536 m 612 m 615 m
541 s 513 m 512 m 520 m '■ 420 is
498 m 432 n 4 CO m
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Similarly, the dimethyl-compound, (XXIII), shows a doublet at 
1,720 cm 1 and 1,705 cm 1  which may also arise from Fermi resonance.
The quinoxalino-(2,3-d)-cyciopentane-l,2,3-trione (XXIV), is 
obtained by the oxidation of compound (XXII). It may be considered as the 
mono-condensation product of leuconic acid and o-phenylenediamine, although 
these latter two compounds react to give the di-condensation product, (XXV).
The infrared spectrum of compound (XXTV) shows three bands in
-1 -1 -1the vc=o region at 1,780 cm , 1,775 cm and 1,755 cm . It is not known
what role the water molecules play in the structure of this compound.
It is possible thut one of the carbonyl groups may be hydrated as in 
ninhydrin. (Diag. 5.1C).
OH
■o h
o
OH
OH
N ^
O
(XXIV) Ninhydrin
Diag. 5.10.
The di-condensation products obtained from leuconic acid and
o-phenylenediamines, (XXV) and (XXVI) show medium intensity vC-H bands at
3,070 cm- 1  and 3,040 cm"1, respectively, and in the tetra-methyl compound
_ —2.
(XXVI) the methyl group vC-H bands are observed at 2,995 cm , 2,950 cm
~ 1 - — X
and 2,920 cm” . Both compounds show a strong vc=o band at 1,745 cm and
1,740 cm 1, respectively, but the unsubstituted product, (XXV), has an 
additional two bands at 1,770 cm” 1  and 1,735 cm”1, possibly arising frcm 
Fermi resonance.
5.3. Proton N.M.R. spectra
Th.e measurement of the 'H NMR spectra of smo of the condensation 
products presented sane difficulty because of their low solubility in 
most solvents. The most useful solvents were found to be dimethylsulphoxido 
(HIS) and pyridine (FY). All chemical shift values are given in parts 
per million (ppm) on the t scale with tetrametbylsilane as an internal 
reference (x = 1 0  ppm).
(a.) 1,2,3,4-tetrahydroxy-phenazines.
The tetrahydroxy-phenazine 'K NMR spectral data are given in 
Table 5.8.
Table 5.8. 1,2,3,4-tetrah.ydroxy-phenazine rH NMR spectral data.
Ring Protons Hydroxyl Protons Methyl Protons
1,2,3, 4-tetrahydroxy- 1.82-2.42 m (IMS) 4.16 (~24 Hz) (MS)
phenazine (I) 2.13 c
7-methyl-derivative 2.CO-2. 6 8  m (IMS) - 7.61 (FY)
(II)
7,8-dimethyl- 2.23 (MS) - 7.69 (Pi)
derivative (III)
7-chlcro-derivative 1.98-2.53 m (MS) ~1.5 vb (HIS)
(IV)
7-carboxyl-derivative 1.49-2.17 m (MS) ~1.6 vb (MS)
00
7-nitro-derivative 1.39-2.26 m (MS) “1.4 vb (MS)
Note: m = multiplet, c - centre, vb = very broad, (“24 Hz) « signal width
at half-height‘•O'1
The tetrahydroxy-phenazine (I) spectrum shows a symmetrical 
multiplet ring proton signal pattern, centred, at x 2.13 ppm, characteristic 
of second order signal patterns given by A^Bg systems. A similar multiplet 
has been observed in the phenazine spectrum, centred at x 2 . 1 0  ± 0 .C2  par
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(in CC1 0.171,172 The broad signal at x 4.16 ppm ('24 Hz) may be assigned 
to the hydroxyl group protons.
The methyl-tetrahydroxy-phenazine (II) spectrum shows a quintu plet 
of ring proton peaks. (Fig. 5.1) which may be considered as an ABX system.
AJ
Ai
1-00 114 1-2.1 1-52 1-68
OH
(II)
x (p.p.m.)
H Fig. 5.1.
The methyl group is not expected to exert a large effect on the ring 
protons, in comparison to the electronegative nitrogen atoms.173 The 
low-field doublet may be assigned to proton (A), and the high-field doublet 
to proton (B), whilst the middle peak is probably due to proton (X). Their 
chemical shift values are calculated as x ^  2.08 ppm, x ^  2.58 ppm, and 
x q q  2.23 ppm, with a §pln eeupiing eenstant ""8.4 Hz. A similar ring 
proton signal assignment has been made for 2,8-dimethoxy-phenazine.171
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The value of the coupling constant J^g corresponds to similar values found 
in phenazine, 8.819 Hz,172 and both 2,8-dimethoxy-phenazine171 and
2,8-dichloro-phenazine,17I+ 9 Hz. The methyl proton signal is observed at 
x 7.61 ppm, in agreement with values found in many methyl-substituted 
heterocyclic molecules.175
As may be expected, the equivalent ring protons in the symmetrical 
dimethyl-tetrahydroxy-phenazine (III) give only a single peak at t 2.23 ppm. 
This chemical shift value is the same as that of proton (X) in the mono­
methyl compound, (II). The methyl proton signal is observed at x 7.69 ppm.
In the chloro-tetrahydroxy-phenazine (IV) spectrum (Fig. 5.2) a 
quartet of peaks is observed which may be assigned to the ring protons.
X
>•«« i a  144 i-58
CL'
(A)
H OH
.OH
OH
H
(*) OH
(IV),
x (p.p.m.) 
H
Fig. 5.2.
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In this compound the effect of the chloro-group is to deshield proton (X) 
more than proton (B), since the proton (X) signal appears to be coincident 
with the high-field signal of the proton (A) doublet at x 2.12 ppm. The 
proton chemical shifts are calculated as x ^  2.06 ppm, x ^  2.50 ppm, and 
xqq 2.12 ppm, with a spin coupling constant of ~8.4 Hz. A very broad
signal centred at x "1.5 ppm is probably due to the hydroxyl protons. Its 
low-field position indicates strong deshielding of these protons, probably 
as a result of hydrogen bonding.
The carboxyl-tetrahydroxy-phenazine (V) spectrum shows a multiplet 
ring proton pattern. (Fig. 5.3).
X B
BX
AI,
l-Ol l-\8
OH
OH
HOOC- OH
OH
x (p.p.m.) 
H Fig. 5.3.
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The introduction of the electron-withdrawing carboxyl group may 
be expected to produce a large deshielding of the protons (B) and (X).
The largest chemical shift should be observed for proton (X) since it is 
located between two electron-attracting groups, and therefore the low-field 
signal may be assigned to proton (X). The high-field doublet and the low- 
field quartet may be assigned to protons (A) and (B), respectively. Their 
chemical shift values are calculated as t ^  2.07 ppm, x ^  1.94 ppm and 
T(X) PPm > the spin coupling constant “8.4-9.0 Hz. The small 
splitting of the (B) proton doublet is probably due to spin coupling 
between protons (B) and (X) and is calculated to be “1.2 Hz. The 
corresponding coupling constants in phenazine itself172 and 2,8-dichloro- 
phenazine174 have been calculated to be 1.596 Hz and “2 Hz, respectively. 
The extremely broad peak centred at x “1.6 ppm is probably due to the 
hydroxyl protons.
The nitro-tetrahydroxy-phenazine (VI) ring proton multiplet is 
similar to that of the carboxylic acid (V). This is not surprising, since 
the iso-iT-electronic nitro- and carboxyl- groups are both strongly electron- 
withdrawing in character. The nitro-compound (VI) spectrum (Fig. 5.4) may 
be analysed in the same way as the carboxyl-compound (V) spectrum.
B
X
BX b n
1
AB
l-« jt-w jv»i 
1-19 1 *1  ‘ 17
x (p.p.m.)
H
Ca)
OH
.OH
O H
(VI)
Fig. 5.4.
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The ring proton chemical shifts are calculated to be x ^  2.18 ppm,, 
T(B) T(x) PPm« The spin-coupling constant values are
JAB Vz 811(1 Jpx ~2,4 Kz* Again the very broad signal at x “1.4 ppm 
is probably due to the hydroxyl group protons.
Hie ABX system ring proton chemical shifts and coupling constants 
are summarized, in Table 5.9.
Table 5.9. Tetrahydroxy-phenazine ring proton chemical shifts and
spin-coupling constants.
Proton chemical shifts (ppm) Spin-coupling constants (Hz)
Substituent (A) (B) (X) JAB Jpv
ch3~ (II) 2.08 2.58 2.23 “8.4 ~
Cl- (IV) 2.06 2.50 2 . 1 2 “8.4 -
C00H-• (V) 2.07 1.94 1.47 “8 .4-9.0 “1 . 2
no2- (vi) 2.18 1.73 1.41 “8.4 “2.4
(h) 2,3-dihyd.roxy-phenazine-l, 4-quinones
The 2,3-dihydroxy-phenazine-l,4-quinone ’B NMR spectral data 
are given in Table 5.10.
Table 5.10. 2,3-dihydroy-phenazine-1,i-ouinone ’H NMR spectral data.
Ring Protons Hydroxyl Protons Methyl Protons
2,3-dihydroxy- 1.54-2.01 m (MS) 4.89 (FY) -
plienazine-ljd-ciriivone 1.78 c
(VII)
7-sethyl-derivative 1.68-2.15 m (MS) 4.85 (PY) 7.51 (PY)
(VIII)
7,8 -dime thy 1-cerivative 2.15 (MS) 4.81 (PY) 7.69 (FT)
(IX)
7-chloro-derivative 1.52-2.02 m (DBS) 4.83 (FY) -
(X)
7-carboxyl-derivative 1.48-2.03 m (MS) 4.76 (~42Hz) (PY) -
(XI) 6.30 vb (MS)
7-nitro-derivative 0.83-1.34 m (MS) 4.85 (IY) -
(XII) 5.95 vi (MS)
- 100 -
2,3-dihydroxy-phenazine-l,4-quinone (VII) itself gives an A2B2 ring 
protonnultiplet centred at t 1.78 ppm, i.e. at lower field than in
1,2,3,4-tetrahydroxy-phenazine, (I), t 2.13 ppm. This decrease in the 
shielding of the ring protons may be attributed to the replacement of the 
two para-hydroxyl groups by the more electronegative carbonyl groups. This 
greater deshielding is observed in all the phenazine-l,4-quinones.
The methyl-compound (VIII) spectrum shows a ring proton multiplet 
the analysis of which is similar to that of the corresponding methyl- 
tetrahydroxy-phenazine, (II). (Fig. 5.5).
A
BX| N oH
N OH
O
(VIII)
x (p.p.m.)
H
■—  ■>
Fig. 5.5.
The proton chemical shifts are calculated to be t ^  1.77 ppm,
2.06 ppm and T q q  1.86 ppm., and the spin-coupling constants J^g 8.4 Hz 
and Jgx ~1.8 Hz. There is also an indication of a very gjiall coupling 
between the para-protons (A) and (X). This para-proton coupling has been
found to be J ^ ara 0.202 Hz in phenazine,172 and "0.0 Hz to 0.7 Hz in 
benzene derivatives.176
The dimethyl-compound (IX) gives a single proton peak at t 2.15 ppm 
in comparison with the value of t 2.23 ppm, for the dimethyl-tetrahydroxy- 
phenazine, (III).
In the chloro-phenazine-quinone (X) spectrum the high-field quartet 
and the low-field doublet in the ring proton multiplet may be assigned to 
protons (B) and (A) respectively. (Fig. 5.6).
A
A  5
BX
AB
BX
VS4
t (p.p.m.)
•N O H
N
O H
H O
Fig. 5.6.
The peak at t 1.54 ppm is probably part of the (X) proton dcxiblet, 
which is partly hidden by the peak at t 1.52 ppm. The ring proton chemical 
shift and spin-coupling constant values are calculated to be x ^  1.61 ppn, 
1.90 ppm, Tpg "1.52 ppm and J^g "9 Hz and JgX "3 Hz.
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The 7-carboxyl-phenazine-l,4-quinone (XI) gave a poor spectrum, 
because of its low solubility in dimethylsulphoxide. The proton chemical 
shift and coupling constant values are estimated to be t  ^  "1.60 ppm, 
Tj-g-j “1.99 ppm, tqq “1.48 ppm and “4.8 Hz.
A similar solubility problem was encountered with the nitro­
compound (XII). Its spectrum (Fig. 5.7) shows a low-field doublet and a 
high-field triplet which may be tentatively assigned to proton (X) and 
protons (A) and (B), respectively.
x (p.p.m.)
H
(a)
o
OH
OH
(XII)
Fig. 5.7.
All tliese phenazine-ls4-quinoneSj except compound (XI), give 
fairly sharp peaks in the range r 4.76 ppm - 4.89 ppm (in rr/ridine). 
These may be due to the enolic hydroxyl protons. In the carboxyl- 
canpound (XI) the signal is broad, "42 Pz, indicating that rapid proton 
exchange may be talcing place between the enolic and carboxylic protons.
(c) Fhenazine - 1,2,3,4-tetrones.
Hie ph.enazine-1,2,3,4-tetrcne 'H ?I1R spectral data are given 
in Table 5.11.
Table 5.11. Fhenazine-l,2,3,4-tetrone *H M4P, spectral data.
Ring Protons 11ethyl Protons Other Protons
7-ifethyl-Fhenazine- 1.65-2,14 m (BMS) 7,62 (FY) 5.00 (-24 Hz)
1 ,2 ,3,4-tetrone 
(XV)
(JXIS)
7,8-Pimethyl-derivative 1.98 (14S) 7.68 (FY) 5.16 ("90 Hz)
(XVI) 1.87 (Dioxan) (DMS)
7-Chloro-derivative 1.43-1.95 m (IMS) 5.55 ("26 Hz)
(XVII) 1.48-2.07 m (Dioxan) (31S)
3.63 ("12 Hz)
(Dlexan)
3.43 (PY)
7-Carboxyl-derivative 1.13, 1.47 (T? IS) ~ 4.41 ("10 Hz)
(XVIII) 0.94, 1.48 (Dioxan) (DMS)
4.75 ("20 Kz)
(Idcxan)
The unsubstituted phenazine-1,2,3,4-tetrone (XIV) was not 
sufficiently soluble for ’H M®. spectral measurements, whilst the 
7~nitro-phenazine-l,2,3,4-tetrone could not be isolated.
The methyl-compound (XV) spectrum (Fig. 5.8) is similar to the 
corresponding quinone (VIII) snectrum. (Fig. 5.5).
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t (p.p.m.) 
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Fig. 5.8.
The proton chemical shifts are calculated as x ^  1.74 ppm, 
x ^  2.03 ppm, x q q  1.83 ppm, and the spin-coupling constants as “9 Hz 
and “2.4 Hz.
The dimethyl-compound (XVI) spectrum shows a single ring proton 
peak at x 1.98 ppm (in DMS) and at x 1.87 ppm (in Dioxan) in comparison 
with the corresponding quinone (IX) and tetrahydroxy-phenazine (III) values 
of x 2.15 ppm (DMS) and x 2.23 ppm, respectively, illustrating the increase 
in proton deshielding as the hydroxyl groups are replaced by the strongly 
electronegative carbonyl groups.
In the chloro-conpound (XVII), the ring proton multiplet is shifted 
considerably downfield with respect to the methyl-compound (XV). (Fig. 5.9).
In IMS
AB
BX AB
In Dioxan
i^J | \-l» i »i j i-oa(
15X l-9i 108
x (p.p.m.) 
H
Fig. 5.9.
t (p.p.m.)
H
The calculated proton chemical shift and spin-coupling constant 
values are, in dimethyl sulphoxide, 1.54 ppm, 1.82 ppm, Tq q  “1.4 
ppm, “10.2 Hz, “2.4 Hz, and in dioxan, x ^ l . 6 2  ppm, x ^  1.96 ppm, 
T(X) PP11’ ^AB ^z> ^BX ~1*8“2.4 Hz.
The 7-carboxyl-phenazine-l,2,3,4-tetrone, (XVIII), spectra both 
in dimethyl sulphoxide and in dioxan show only two low-field ring proton 
peaks. In dimethylsulphoxide the integrated areas of the peaks at xl.13 ppm, 
and t 1.47 ppm are in the ratio 1 to 2, and similarly in dioxan the integrated 
areas of the peaks are in the ratio 1 to 2, at t 0.94 ppm and x 1.48 ppm.
It is probable that the signals at the lowest r values are due to proton (X) 
and the higher x values to protons (A) and (B), by analogy with the 
corresponding carboxyl-phenazine-. quinone (XI) and carboxyl-tetrahydroxy- 
phenazine (V) ring proton assignments.
All the tetrone-s give broad proton signals at t 4.41 ppm to 
t 5.55 ppm (in II!S). These signals are probably due to the water 
molecule protons.
(d.) Cther condensation products.
The only other oxocarbon condensation products which were 
sufficiently soluble for ’H M4R spectral measurements were the 
dicondensation products .quinoxalino-(2,3-a) -3,4-dihydroxy-phenazine pCIII 
6  j 7, "6 }, 7 ’ -tetramethyl-quinoxalino- (2,3-21,3 * ~b ,d) -cyclopentadien- 1-one 
(XXVI) and the tricondensation product (XX).
Compound (XIII) in dimethyl sulphoxide gives a complex multiple! 
from x 1.46 ppm to t 2.14 ppm which probably arises from the A2 B2 ring 
proton system.
Compound (XXVI) gives only a. single ring proton peak at x 1.94 
ppm in deuterochlorofoim and at t 1.96 ppm in dimethylsulphoxide.
There is indication of a slight spin-coupling between the para-protons 
~ 1  Hz. A small coupling may be expected since these protons are 
not in exactly equivalent environments. The methyl group proton 
signal is observed at x 7.45 ppm (CD Cl3) and. x 7.68 pm. (UK).
The tricondensation product (XX) spectrum shows two peaks at 
x 1.57 ppm (CD Cl3 ) and at x 7.35 ppm (CD Cl3). Their integrated areas 
are in the correct ratio of 1 to 3 for the six equivalent ring and ei.gh.te 
methyl group protons.
5.4. Ultraviolet-visible spectra.
The measurement of the ultraviolet-visible .spectra of most of 
the condensation products was restricted by their poor solubility in 
most organic solvents, particularly nan-polar solvents. Furthermore, 
a detailed analysis of their spectra is difficult because of the 
complexity of the molecules themselves.
The interpretation of the ultraviolet spectra of some hydroxy- 
phenazines has been attempted on the basis of their similarity to the 
spectra of phenazinc and the corresponding hydrocarbon, anthracene.16'* 
However, the agreement is not convincing.
In these condensation products not only *-■** transitions but 
also n-Tr* transitions should be observable, since both nitrogen and oxygen 
atom non-bonding lone-pair electrons are present.
(a) 1,2,3,4-tetrahydroxy-phenazines.
The spectra of all the 1,2,3,4-tetrahydroxy-phenazines were 
measured in methanol solutions. Hie data are given in Table 5.12.
Table 5.12. 1,2,3,4-tetrahydroxy-phenazine #ltraviolet-visible spectral
data.
1,2,3,4- 7-methyl-
tetrahydroxy derivative 
-phenazine
7,8-dimethyl-
derivative
7-chloro- 7-carboxyl- 7-nitro- 
derivative derivative derivative
(I) (II) (III) (IV)* (VT( (VI)*
Amax. (emax) :Aoax. (emax) Amax, (emax) Amax. Amax. Amax.
(my) (I mole1)
on"1]
208 (18,500) 2 1 1 (24,600) 213 (26,800)
224 (*'13,000)sh228 ("17,000)sh230 (“18,000)sh 230 sh 235.,5
290 (19,900) 296 (24,900) 305 (27,500) 274.5 vb 244 sh
336.5 (10,500) 336 (15,500)b 335 (19,500) 289 sh 283 vb 271 vb
386 ( 6 ,1 0 Q)b 379 ( 3,100)b 377 ( 8 ,0 0 0 ) 355 sh 292 vb 289
430 (~4,000)sh433 (~6 ,0 0 0 )sh453 (“4,000)sh 411 339 sh 315.5
572 ( ~470) sh 452 420 sh
478 sh 453 vb
484 sh 490.5vt
Mot completely soluble; sh = shoulder; vb - very broad.
The parent compound (I) and both the methyl-(II) and the 
dimethyl-(III) compounds give very similar spectra. Hie three short 
vravelength bands camion to all three compound spectra show a 
bathochramic shift with increasing methyl group substitution. The 
conjugative effect of substituents generally shifts the tt-tt* absorption 
bands to longer wavelength by reducing the energy gap between the 
highest occupied and the lowest unoccupied molecular orbitals. 1 6 7
Hie methyl-(II) compound shows a medium intensity shoulder at 572 my 
(e ~47C) which may arise from a n-*rr* transition. Although long wavelength 
iw* transitions are observed in monocyclic azines, in polycyclic aza- 
ccmpcunds they are submerged by the tt- tt* transition bands. 1 6 7
Hie chloro- (IV), carboxyl- 0.0 and nitro-*(VI) compounds were not 
completely soluble so that accurate molar extinction coefficients could 
not be determined. Their spectra show certain characteristic bands 
which are common to all six tetrahydrcxy-phenazines.
(b) 2,3-Dibydroxy-phenazine-1,4-quincnes.
Again all these compounds give very complicated ultraviolc 
visible spectra. (Table 5.13).
Table 5.13. 2,3-dihydroxy-phenazine-l,4-quinone ultraviolet-visible
spectral data.
2.3-dihydroxy- 7-mct!iyl- 7,8-dimetlxyl- 7-chloro- 7-carboxyl- 7-nitro-
phenazine- derivative derivative derivative derivative derivative
1 .4-quinone
(VII) (VIII) (IX) (X) (XI) (XII)
xmax. (emax) x®ax. (emax) xmax. (emax) xmax. (emax) xmax. (emax) x max. (emax)
2C7 (21,000)
223("16,000)sh 226(~17,000)sh 228(“17,500)sh 225(“18,C00)sh233 (16,600)
270 (20,300) 272 (19,400) 273 (16,400) 275 (24,7^ 0) 281 (20,700) 272(25601
287 (19,900) 294 (21,000) 302 (22,400) 290(“22,000)sh290(“20,000)sh2S9r2l.S<
345 (“6,000)sh 348 (~7,5CO)sh 349.5( 6,600) 551
352 (~6,000)sh 358 (.*,7 0 0 ) 362.5( 8,900) 354 ( 5,900) 355 (“6,000)sh351(6,50!
457 (11,100) 455 (1-1,800).. 454 (12,000) 469.5(12,900) 467 ( 9,902) 496(1270
555 (~4,COO)sh 550 (“4,000)sh 555 (“4,090)sh 575 (“4,000)shS5C (~4,0D0)sh
Most of the observed bands probably arise from tt-ht* transitions 
and any nvir* transition bands may be hidden under the long wavelength 
tt-wt* bands. The intensity of the latter precludes their assignment to 
n-»i7* transitions. 1 6 7
(c) Rienazine-1,2,3,4-tetrones.
Hie ultraviolet-visible spectra of the pheuazine-tetrones are- 
distinguished frcra the tetrahydrcxy-phenazine and the diliydroxy- 
phenazine-quincne spectra by the presence cf one or more distinct 
shoulders at long wavelengths which are probably due to n*ir* transitions. 
(Table 5.14). Hie intensity of these bands suggests that they arise from
Table 5.14. Fhenazine-1,2,3,4-tetrcne ultraviolet-visible spectral data.
Hienazine-1,2,3,4 7-methyl- 7,3-dimethyl- 7-chloro-
tetrone
(XIV)
derivative
QCiO
derivative derivative
(XVII)
7-carbcxyl-
derivative
(XVIII)
Xmax. (emax) Xmax. (emax) Xmax. (emax) Xmax. (emax) Xmax,
239 (23,900) 246 (21,700) 240 (20,500) 242 (29,200) 248
269 ( 6 ,1 0 0 ) 274 (18,200) 279 (16,900) 273
313 (~7,5O0)sh 327 ( 3,400) 334 ( 8,600) 343
322 ( 9,500) 337 r~7,ono)sii342 ( 8,600) 328 ( 9,103) 353
416 ( ~5C0)s>.420 ( “290) sh
442 ( “400) si'449 ( “250)sh 438 ( 700)
490 ( 400) vO;> ( “300) si\470 ( “240) sh 462 ( “700):sh
the promotion cf the nitrogen lono-pair electrons rather than the 
carbonyl oxygen lone-pair electrons. 1 6 7
(d) Five-msnbered ring oxocarbon condensation products.
The mono-caidensation products of croccnic acid and the 
di-condensation products of leuconic acid all give complex spectra. 
(Table 5.15).
IIU -
Table 5.15. Fivc-medbered ring o x o c a rb c n  condensation product
ultraviolet"visible spectral data.
Mono™condors at ion products Di-condensation nroducts
(XXII) (XXIII) (mo (XXVI)
Xmax. (emax) Xmax. (emax) Xmax. (emax) Xmax. (emax)
205 (21,600) 209 (26,300)
244 (23,SCO) 254.5(29,600) 256 (~16,50Q)sh 271 (~19sSCP)sh
273 (14,700) 3C8 ( 41,000) 321 ( 44,900)
282 (15,600) 392 ( 12,000) 373 0-13,COO)sh
313 ( 7,000) 325 ( 9,400) 431 ( . 9 j. 9C0) 413 ( 14,COO)
327 ( 5,500) 319 ( 8,100) 447 ( 15,300)
343 ( 5,400) 375 (~5,5<JO)sh 469 ( 11,800)
446.5(17,800) 428 (~7,000)sh
466 (17,700) 451.5( 8,200)
550 ("3,COO)sh 478 ( 7,500)
Despite the presence of both nitrogen and oxygen lone-pair electrons, 
the spectra of these compounds do not show any absorption bands vMch can. 
be readily assigned to h -h t * transitions. Hiese bands are probably hidden 
by the intense long wavelength tt- tt* transition bands.
(e) Six-membered ring oxocarbcn pcly-ccndonsation products.
The ultraviolet-visible spectral data of the di- and tri­
condensation products of both rhcdizcnic acid and triquincyl octahydrate 
are given in Table 5.16.
Table 5.16. Six-membered ring oxocarbcn poly-condensation product
ultraviolet-visible spectral data.
Di-condonsaticn products. Tri-condensation products.
(XIII) (XXI) (XIX) (XX)
Xmax. Xmax. Xmax. (emax) Xmax.
218 265 242 (8,100) 2 1 C
263 273 298 (98,000) 312
324 300 382 (22,000) 393
415 333sh 402 (24,900) 415.5
S32sh 353 4425b.
385sh
Ill
The di-condensation product (xn/jF , and ito oxidation product
(XXI) ? were not sufficiently scdoblefcr accurate measurements of their 
ultraviolet-visible absorption spectra. Instead, their solid diffuse 
reflectance spectra were obtained.
The tri-condensation products of triquincyl octahydrate, (XIX), 
and (XX) were sparingly soluble in chloroform. The hexa-methyl compound, 
(XX), only dissolved partially so that no accurate molar extinction 
coefficients could be determined however, its band intensities are 
probably very similar to those of the unsubstituted compound, (XIX).
CHAPTER 6.
lolecular orbital calculations on sane oxocarbon 
condensation products.
6,1. Introduction
Htickel M.O. calculations were carried out on most of the 
oxocarbon condensation products in order to obtain a qualitative picture 
of their electronic structures.
In an attempt to obtain f!improved” results the so-called 
5%-technique” was used witli seme of the compounds.139 Yheland and Mann177 
have suggested that the value of the Cculcmh integral, o , of an atcm 
may be linearity related to the charge, q , by
a = a0 .+ (Z - q ) (og0 
y y v
where Z ecuals the number of electrons contributed by at era y to the 
y
Tr-olectron system, and w is a dimensionless empirical parameter. Iteration 
is carried ait until self-consistent charge densities are obtained.
P-P-P M.O. calculations were carried out on two selected 
condensation products, namely, 1,2,3,4-tetrahydroxy-phenazine (I), and
2,3-dihydroxy-phenazine-l,4-quinone (VII), in order to test the 
applicability of this method for the calculation of electronic transition 
energies of such large poly-substituted, heterocyclic molecules.
6.2. Ihraraeter values used
(a) .Pdcbel I*.0. calculations.
Toe sane carbon and oxygen parameter values were used, as in 
the calculations on the oxocarbons (Chapter 3), with the following 
nitrogen values:139j150
*C-N ■ * as6> <jJ. * “c + r-56 «c’
a - ct + 0.056 $ .
cro-?o c c
Streitwieser’ s13 9 ’’inductive'5 model was used for calculations on 
compounds containing methyl substituents.
The chloro, carboxyl and nitro substituents were treated as exocyclic 
heteroatcos conjugated, with the rest of the molecule . 139sl5°
V-Cl 0,451 hci - i,84? adl ~ ac + 1,84 &c5 ac ,r rr.= ac + 0,092 ec’L^”L1 J
a = a + 0.1012 g .
_g “ 0.7, hjg - 1.5, cyy = + 1.5 g^ , ** ~ + ■"
Co) co-method calculations.
The values of to used by other workers have ranged from C. 33 to 
1.8, with a ’’best” value of 1.4.139 Baird and Mutehead150 have suggested 
that the use of one e-value for all atoms is unreasonable, and have 
calculated widely differing values for different atoms. Their values 
were used in these calculations.
a) = 1.32, off, = 1.46, a)**8 1.98, o>» = 1.80, . = 2.31.c * rJ- N o 7 o
With sane of these condensation products self-consistent charge 
density values were obtained after four iteration cycles. No further 
iteratipn was carried out for molecules in which self-consistency had. 
not been reached.
(c) P-P-P M.O. calculations.
The core intepral, U <, and the one centre repulsion integral,
yy
Y  , values were taken from Nishimoto and Forster.llf0 The carbon and 
oxygen values were the sane as those used in the calculations on 
oxocarbons (Chapter 3).
The nitrogen atan values were:
TJ N+ - 14.12 eV, y N+M+ 12.34 eV 
yy yy
The two-centre renulsion integrals, y , were again calculates
yv
with the Nishimoto-Mataga formula.llf2 The following core resonance 
integral values were employed:
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3C_C -1.84 eV single bonds, Bc_c -2.18 eV aromatic bonds,
B. -2.35 eV double bonds, B . 0c=c ’ c-cvr -2.20 eV,
8 „ -2.76 eV, B XT -2.38 eV.c=o ' c -In
The two phenazine molecules were assumed to have planar structures 
with the bond lengths shown in Diag. 6.1 . The tetrahydroxy-phenazine 
ring bond lengths were approximated to the values determined for phenazine.178
y
*
OH
OH
N 'OH
OH
1,2,3,4-tetrahydroxy-
phenazine (I)
C2v symmetry
;o h
‘OH
o
2,3-dih.ydroxy-phenaz ine- 
1,4-quincne (VII)
C2v symmetry
Diag. 6.1.
6.3. Discussion of results.
(a) HUckel M.O. calculations.
The calculated charge density values for the 1,2,3,4-tetrahydroxy- 
phenazines , 2,3-dihydroxy-phenazine-l,4-quinones, phenazine-1,2,3,4-tetrones, 
and other condensation products are given in Diagrams 6.2, 6.3, 6.4 and 
6.5, respectively.
/
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Diag. 6.2.
In the tetrahydroxy-phenazines (Diag. 6.2) the nature of the 
substituent group is reflected by the changes in charge densities of the 
two nearest ortho-carbon atoms and the nearest nitrogen atom. The methyl 
groups produce a marked increase in charge density, whereas the chloro 
group appears to have no effect, whilst the carboxyl and nitro groups 
produce a significant decrease in the charge densities of the ortho-carbon 
atoms.
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In the dihydroxy-phenaz ine-quinones (Diag. 6.3) the charge 
densities o£ the carbon and nitrogen atoms are lower than in the corresponding 
tetrahydroxy-phenazines, due to the strongly electronegative character of 
the quinonoid carbonyl groups. However, the introduction of two more 
carbonyl groups into the phenazine ring, as in the phenazine-tetrones 
(Diag. 6.4), does not produce any further significant decrease in these 
charge densities.
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The condensation products containing five-membered rings, (XXII) 
and XXIV) (Diag. 6.5) show similar charge densities to those calculated for 
the six-membered ring compounds.
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o
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XXV
Diag. 6.5.
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It is of interest to compare the calculated charge density values 
with the experimental 'H NMR chemical shift values of the protons bound to 
these carbon atoms. A simple empirical correlation between the proton chemical 
shifts and local u-electron charge densities on the bonded carbon atoms has 
been found for conjugated molecules.179,180 However, Fraehkel et al181 have 
pointed out that, although local charges have a significant effect on proton 
shifts, other factors such as ring currents and magnetic anisotropy of 
neighbouring atoms are also of significance, and in practice these three 
effects are not easily distinguishable from one another. Furthermore, most 
theoretical calculations are simplified by various approximations, therefore 
large discrepancies are to be expected.
In the substituted tetrahydroxy-phenazines, phenazine-quinones and 
phenazine-tetrones the correlation is poor between the chemical shifts of 
protons (A), (B), (X) and the calculated charge densities of the bonded 
carbon atom. (Fig. G.l.)
•H
ao
•■cs
0
tou
•8 -
Chemical shift (p.p.m.)
Fig. 6.1.
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A similar poor correlation in a series of N-heterocyclic molecules 
led Gawer and Dailey182 to conclude that chemical shifts are unreliable as 
a measure of the ir-electron charge dens it iesin such molecules, especially in 
positions adjacent to a nitrogen atom. Thus in these phenazines the 
presence of both magnetically anisotropic substituents and induced ring' 
currents probably plays an important role in determining the amount of 
shielding experienced by each proton.
(b) a)-method calculations.
These calculations were performed on only sane of the phenazine 
molecules, iteration being stopped after four cycles. The charge densities 
of some representative molecules are given in Diag. 6.6.
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•992.OH
•992
•OH
XIX 'XIVVII
Diag. 6.6.
-  I'AX
It can be seen that the co-method calculations lead to a 
situation •where the carbon, nitrogen and carbonyl oxygen atom charge 
densities are almost identical. Such a '’smoothing out” of charge 
densities has been noted by Baird and fthitehead150 who concluded that 
the u>-method does not lead to any improvement in the relative order of 
charge densities as calculated by the Riche1 method. Peacock183 has 
generally critisized methods involving the variation of the Coulomb 
integral, ot^, on the basis that if a sufficiently large number of 
empirical parameters are used then the results of such calculations can 
be made to fit any experimental data,
(c) P-P-P M.O. calculations.
P-P-P M.O. calculations were carried out on 1,2,3,4-tetrahydroxy- 
phenazine (I) and 2,3-dihydroxy-phenazine-1,4-quinone (VII) in order to 
obtain a semi-quantitative interpretation of their electronic spectra.
Hie charge densities and bond orders are given in Diag. 6.7,, 
together with the corresponding values calculated by the liickel method.
Although no absolute comparisons can be drawn between the two 
methods the relative charge density order is preserved in both types of 
calculations, the HUc!cel method tending to emphasize the ionic character 
of the carbonyl groups.
The calculated and observed electronic transition data for
1,2,3,4-tetrahydroxy-phenazine (I) and 2,3-dihydroxy-phhnazine-1,4- 
quinone (VII) are given in Table 6.1. and Table 6.2., respectively.
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Table 6.1. Theoretical and experimental electronic transitions of
1,2,3*4--tetrahydita -^phenaz ine.
Electronic: transition Calculated Energy (eV) Oscillator Observed Energy
No C.I. C.I.* strength CeV.) CO
IP
2 Cy) 2.53 2.38 0.163 2.88 (~4,000) si
’A, -*■ » V. •51 (z) 3. o5 3.16 0.303 3.21 ( 6,100)
,A1 ^ ’h Cy) 3.89 3.81 0.136 3.68 (10,500)
,Al " 'h (z) 4.25 4.23 1.772 4.28 (19,900)
’A-, - ,Ai (Z) 4.55 4.33 0.515
’Al "
1T2 
JJ2 Cy) 4.88 4.77 0.055
'A. ■* *B2 Cy) 5.34 5.21 0.002
’Ai + *B2 Cy) 5.47 5.56 1.105 5.53 (~ 13,030) si
•A. ■* ,A1 Cz) 5.60 5.02 0.861
’A1 " ?A1 Cz) 5.60 5.60 0.003
•A * ’A1 Cz) 5.71 5.95 0.216 5.96 (18,500)
’Al * -b 2 Cy) 6.00 5.99 0.022
^  -»■ 3E2 1.48 1.10
’A1 ■*“ \  2,63 2,20
'Aj -> JB2 2.72 2.21
'A1 -> 3A~ 3.66 3.05
\  3.71 3.64
'At -»■ 3B2 3.86 2.99
'A^  -> 3B2 4.14 3.44
'A1 + 3®2
’A, + 3P- 4.38 4.39
4.32 4.20
,Al ~B2 4,70 5,29
'A± * ^  4.77 4.18
,A1 + 3Aj 4.80 4.30
* Partial C.I., i.e. only those states within 5 eV of the lowest 
state energy were considered.
The calculated electronic transition euex-gics, especially those 
with configuration interaction, are in good agreement with the observed 
transition energies. The lowest energy transition, 2.88 eV, is observed 
as a very broad shoulder. In view of this the agreement with the 
calculated energy of 2.38 eV is not unreasonable. The observed absorption 
band at 3.21 eV isay be assigned to the 'A^  'A^  transition, calculated
at 3.16 eV, which is polarized in the z-direction of the molecule.
(Diag. 6.1). The medium intensity band at 3.68 eV probably arises from 
the *A^  -> !B2 transition, 3.81 eV, which is polarized along the y~aris.
The most intense band in the spectrum at 4.28 eV (e 19,900) may 
be assigned to the 'A^  transition, 4.23 eV, polarized along the
z-axis, which is calculated to be the most intense transition. 'This 
intense band is rather broad towards the short wavelength region and 
although no distinct shoulders can be located the asyra.aet.ric band shape 
suggests the presence of another band close to the observed band. The 
calculations give a ’At !A^ (z) transition at 4.33 eV.
The shoulder at 5.53 eV may be assigned to the calculated
’A^ ■+ transition at 5.56 eV, polarized along the y-axis. This 
shoulder is extremely broad and probably contains the other calculated 
weaker bands at 5.21 eV, 5.02 eV and 4.77 eV.
The intense high energy band at 5.96 eV may be assigned to the
calculated ’A^ ■+• ’A^  transition at 5.95 eV, polarized along the z-axis.
The width of this band'suggests that the calculated low intensity bands 
at 5.60 eV and 5.99 eV could be hidden underneath this more intense 
central band.
Table 6.2. Theoretical and experimental e le c tro n ic ,  t r a n s i t io n s  of
2 5 3-diIiydroxy-ph.ar-azine' 1 , 4-quinone.
Electronic transition Calculated Energy (eV) Oscillator Observed Energy
No C.I. C.I.* strength (eV) (e)
,A1 + ’B2 00 3.22 3.04 0.240 2.23 (~4,COO)sh
*A1 - 'A1 (Z) 3.72 3.53 0.145 2.71 (11,100)
’A1 - ’p,2 (y) 3.95 3.77 0.032 3.52 (~6,000)sh
’A1 (2) 4.13 3.69 0.017 3.59 (~6,00Q)sh
,A1 " *A1 (2} 4.22 4.39 1.441 4.59 (20,300)
’A!- #B2 00 4.40 4.35 0.720 4.32 (19,900)
,A1 -»■ > A1 (2) 5.58 5.18 0.328
,Al-> ’B2 (y) 5.66 5.46 0.431 5.56(~16,000)sh
' * 1  + ’A1 (2) 5.98 5.40 0.040
'Al + ’A1 (2) 6.06 6.03 1.021 5.99 (21,(303)
*A1 - (y) 6.10 5.77 0.089
,A •+ 3b 1.86 i;i9
,A V  2*49 2-05
1 ?
,A + 3 /  3.01 2.79
’ i 1 -i
,A s- 3/ 3.57 3.41
1 xll
,/ + Zr,1 3.64 3.05
A1 7,/ -t 3n 3.95 3.43A-i i\-|
M  -*3/ 4.43 3.63
A1 2-t Zrf 4.55 4.06
, .X ->• 3 2 4.68 4.53
-t 3r2 4.78 4.76
-n
,/ t 3A 4.78 4.51
A1 A1
The lowest energy shoulder at 2.23 eV could not be located very 
accurately and its actual intensity may be considerably lower than 
e 4,000. Since its energy does not correspond to any of the calculated 
transition energies it is possible that this shoulder is due to a n-nr 
transition.
The medium intensity band at 2.71 eV is in fair agreement with, 
the calculated 'A^  -> 'JB^ (y) transition energy of 3.CW eV. The two 
bands at 3.52 eV arid 3.59 eV are part of a broad band. They may be 
assigned to the calculated transitions hA -* ?A^ (z) at 3.53 eV and
3.69 eV, respectively. Tie calculated weuV transition. -fA -v (y) 
at 3.77 eV is probably hidden under this broad band.
The two intense bands at 4.32 eV and 4.59 eV may be assigned to 
the two calculated intense transitions 'A^  -> ’3? (y) 4.35 eV and 
'A^  -* !A^ (z) 4.39 eV, respectively. The broad shoulder at 5.56 eV 
cannot be located accurately, thus the agreement with the calculated 
transition *A^  -*• fB2  (y) energy cf 5.46 eY is reasonable. The width of 
tliis shoulder indicates that probably both the calculated transitions 
*ab -> 'A^  (z) at 5.18 e¥ and 5.40 eV are also present.
The energy of the intense band observed at 5.99 eV is in excell 
agreement with the calculated -*■ ’A^ (z) transition energy of 6.00 eV 
The much weaker calculated transition ’B? (y) 5.77 eV is probably
hidden by this intense band.
Despite the gross assumptions made about the geometries- cf 
these large heterocyclic molecules, the P-P-P M.O. calculations provide 
a satisfactory explanation of the electronic spectra of these molecules...
CHAPTER 7
Nitrogen-14 N.M.R. spectra of some axocarbon 
condensation products.
7.1. Introduction
For many nitrogen heterocyclic compounds two tautomeric 
structures are possible, the hydroxy- or lactim £cm, and the oxo- or 
lactam form. Both infrared and ultraviolet spectroscopy have been used 
to investigate this tautcmerism, but often these methods yield inconclusive 
results. More recently, 14N MIR chemical shift measurements have been 
shown to provide an unambiguous means of distinguishing between such 
taut oneric structures.184
Tie 14N chemical shift data up to 1963 has been reviewed by 
Herbison-Evans and Richards.184 They observed large high-field 14N 
shifts for the a- and y-hydroxy-pyridines in both aqueous and concentrated 
acid solutions, but a much smaller high-field shift for the p-hydroxy- 
pyridine in aqueous solution. Tie latter gave a high-field shift in 
concentrated acid, i.e. upon protonation of the pyridine nitrogen at on. 
These measurements clearly established that both the a- and y-hydroxy- 
pyridines exist in the oxo- or lactam form. Similar 14M chemical shift 
measurements have indicated that 2-hydrcxy-quinolines also exist in the 
cxo-fom, whereas 8-hydroxy-quinolines exist as such, i.e. the hydroxy- 
or lactim form.185 Tautamerism has also been investigated in compounds 
such as the 2-substituted benzthiazoles.136
The possible existence of such tautcmerism in some of the 
oxocarbon condensation products, which could not be fully established by 
either infrared or ultraviolet spectroscopy, promoted the measurement cf 
their 14N chemical shifts.
7.2. Discussion of results
Tie 14N chemical shifts obtained from the oxocarbon condensation 
products are given in Table 7.1. All the chemical shifts are to high- 
field of the internal reference, nitromethane signal (GI3H02 6N = 0 ppm.) n
Table 7.1. lttN chemical shifts of oxocaxbcn condensation
6N
1,2,3,4-TetraIxydroxy-phenazine (I) 52 ± 5 ppm.
7-methyl-derivative (II) 55 ± 5 ppm.
7,8 -dimethyl-derivative (III) 55 ± 5 ppm.
7-chloro-derivative (IV) 55 ± 5 ppm.
7-carboxyl-derivative (V) 52 ± 5 ppm.
7-nitro-derivative (VI) 60 ± 5 ppm.
2,3-Dihydroxy-phenazine-l,4-quinone (VII) 108 ± 1 0  ppm.
7-methyl-derivative (VIII) 104 ± 1 0  ppm.
7 5 8 -dimethyl-derivative (IX) 10¥± 1 0  ppm.
7-chloro-d.erivative (X) 1C4 ± 6  ppm.
7-carboxyl-derivative (XI) 105 ± 1 0  noni.
7-nitro-'derivative (XII) 1 0 0  ± 1 0  ppm.
Hienaz ine-1,2,3,4-1 etrone (XIV) 91 ± 4 ppm.
7-methyl-derivative (XV) 90 ± 5 ppm.
7,8-dimethyl-derivative (XVI) 90 ± 5 ppm.
7-chlorc -derivative (XVII) 92 ± 5 ppm.
7-carbcxyl-derivative (XVIII) 103 ± 1 0  pi®.
Quinoxalino- (2,3-d) -2,3-dihydroxy- 114 ± 1 0  ppm.
cyclepentadien-l-one (XXII)
6 ,7-Dimethyl-quinoxalino-(2,3-d)- 1 0 1  ± 1 0  ppm.
2,3-dihydroxy-cyclopentadien-1-one (XXIII)
Quinoxalino-(2 ,3-d)-cyclopentane- 1 1 0  ± 5 ppm.
1,2,3-trione (XXIV)
6 ,7-6', 7 * -tetramethyl-diqr.iiiaxalino 125 ± 1 0  ppm.
-(2,3-2* ,3*-b,d)“Cyclopentadien-l--one (XXVI)
Quinoxalino-(2,3-a)-3,4-dihydroxy-phenazine 58 ± 4 ppm.
(XIII)
Quinoxalino-(2,3-a)-phenazine-3,4-dione 114 ± 5 ppm.
(XXI)
6 ,7-6 * 7’- Tetramethyl-diquincxalino- 90 ± 5 ppra.
(2 ,3'-a, 2 *,3’-c)-7,8 -dimethyl~
phenazine (XX)
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Infrared measurements (Chapter 5) indicate the hydroxy- or 
lactim structure for the fetrahydroxy-phenazines in the solid state, and 
the 1 chemical shirt values, <5N + 52 to + 60 ppm., also support this 
structure in solution. If there was transfer of protons from the hydroxyl- 
groups to the two ring-nitrogen atoms then much larger high-field chemical 
shifts would be observed. In compounds known to have protonated nitrogen 
atoms, such as indole and pyrrole, shifts of 6N + 251 ± 4 ppm. and 
6N + 230 ± 2 ppm., respectively, have been reported. Whereas, in compounds 
such as pyridine and pyrazine values of 6N + 57 ± 2 ppm. and 6N + 41 ± 2 ppm. 
have been obtained.184
Similarly, the dihydroxy-phenazine-quinones and phenazine-tetrones 
have <5N values which indicate the presence of non-protonated heterocyclic 
nitrogen atoms in these molecules.
Eistert et al93 have suggested that the intense colour of the 
mono-condensation product of croconic acid, quinoxalino-(2,3-d)-2,3- 
dihydroxy-cyclopentadien-l-one (XXII), indicates the presence of tautomeric 
structures. (Diag. 7.1). However, the 1I+N chemical shift value of 
6N + 114 ± 10 ppm. (in EMF) clearly supports structure (a).
o o
H
N
N
H
N
OH
■N
OH
(XXII a) (XXII.b)
Diag. 7.1.
JLpa. ..
The data in Table 7.1. indicate, that in. all the condensation 
products the nitrogen items are non-protona'ted.
It is of interest to note that there are significant differences 
between the lifN chemical shifts c£ the tetrahydroxy-phenazine group of 
compounds and those of the phenazines containing electronegative carbonyl 
groups. Hie presence of carbonyl groups in the phenazine molecules 
produces a noticeable high-field shift, whereas the opposite effect might 
have been expected, i.e. the carbonyl groups would tend to deshield the 
nitrogen atoms via the mescmeric and inductive effects. Gn the other 
hand, both electron-donating substituents, such as the methyl- and chloro- 
;groups, and also electron-withdrawing substituents, such as the carboxyl- 
and nitro-groups, produce very little change in the 1 chemical shifts. 
Witanowski et al187 have obtained similar results with a series of 
substituted aromatic nitro-compounds. They concluded that the 
conjugation effect of the ring and substituent rr-clectrcn systems on the 
nitro-group was not very important in determining the 1I+N chemical shift 
of the latter group. It must be assumed that other factors, besides the 
electronegativity of substituents, operating in the molecules produce far 
greater shielding effects.
Saika and Slichter188 have proposed that the nuclear magnetic 
shielding, cr, can be expressed in terms of three parameters:
“ '  °D '■ °P  %
where a. is the contribution from other atoms in the molecule and an and 
A • aJ
Op , the '’diamagnetic" and "paramagnetic" terms, are expressed by the 
Ramsey shielding formula:189
The other major comnonents of the screening tensor cr and a „r are given •> xx yy
by similar equations. The isotropic screening constant a is given by 1 of 
tire trace of this tensor. The diamagnetic tern, 0 ,^ i.e. the first term
U
in the expression,, depends only on the electron distribution in the 
ground state, whereas the second term in the expression, Cp, the
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paramagnetic term,depends also on the excited electronic states. Thus for 
electrons in S orbitals, as for example in the hydrogen atan, which have 
zero angular momentum, the Op term vanishes, whereas for nuclei where there 
is an asymmetric distribution of p and d electrons close to the nucleus 
and where there are low-lying excited states, as for example at a nitrogen 
atom, the Op term may be very large.
in other atoms are either tightly bound in closed shells and hence are 
difficult to polarize, or else, they are in their valence shells. The latter 
will have little effect because of the attenuation of the interaction with 
distance.
In these substituted phenazines it is obvious that the diamagnetic 
term, is not the controlling factor in determining the llfN chemical shifts, 
since ground state electronic properties show no definite correlation with 
xt*N chemical shifts. (Fig. 7.1). Thus it must be concluded that the 
paramagnetic term, Op, is the major factor in determining the 11+N chemical 
shifts.
The term is expected to have only a small effect, since electrons
1-2.5 -
Tetrahydroxy-phenazines
Hienazine- o* 
tetrones
S. % e Dihydroxy-phenazine- 
quinones
»-oo.
50 feo 7o So 9o loo tio
lltN Chemical shift (p.p.m.)
Fig. 7.1.
Herbison-Evans and Richards18h have suggested that if the 
chemical shift cf nitrogen atoms is dominated by <j then the most 
important terms would arise from n-»ir* and n-xj* electronic transitions of 
the lone-pair of electrons on the nitrogen atoms. Therefore, an 
approximately linear relation between llfN chemical shifts and the 
reciprocal of the sum of all nitrogen n-xr* and n-xr* transitions should 
be observable. In fact, they have obtained such a relationship for a 
group of nitrogen containing molecules, the iwt* transition energies of 
which are known. This group of molecules contains heterocyclic compounds 
such as pyridine, pyrazine, pyrrole as well as aliphatic alhylamir.es, 
diazo-conpounds and ammonia.
Unfortunately, no such correlation can be established in these 
phenazines because of the difficulty of unambiguously locating ii-h t* and 
n-xj* electronic transition bands in their spectra. Even if these bands 
could be located their assignment would still be difficult because of the 
presence of both nitrogen and oxygen lone-pair electrons in these molecules.
Although the li+N chemical shifts of these oxocarbon condensation 
products cannot be correlated with the particular shielding term 
contributions, they do provide definite evidence of the type of 
environment at the nitrogen atoms.
jCHAPTER 8
A mss spectronetric study cf sane oxocarbon 
condensation products.
8.1. Introduction
Electron impact fragmentation studios were carried e-u-t or: most 
of the oxocarbon condensation products, described in Chapter 5, in order 
to obtain their molecular weights and to gain further insight into 
their structures.
In the mass spectra of the tetraIaydroxy--phenazin.es, dihydroxy- 
phenazine-cuinones and phenazine-tetrones elimination cf carbon monoxide 
is a characteristic feature. Such carbon nonoxide elimination from 
oxygenated organic compounds is fairly widespread and the elimination 
mechanism has been discussed by Beynon et al.153 The low resolution mass 
spectrometric study of some mono-substituted methyl- and methoxy- 
phenazines, and of some phenazine-N-oxides has been reported by Mo fits 19 
However, more recent high resolution studies by Holliman et al191 of a 
large number of mono- and di-substituted phenazines indicated that some 
of the earlier reported fragmentation mechanisms must be incorrect.
8.2. Discussion cf results
The major ion peaks and their relative abundances are given in 
Figs. 8.1 to 8.19. In general, ions below m/e 70, andless than 5% of 
the base pea!' intensity are not given.
(a) Tetrahydroxy-phenaz ines.
All the tetrahydroxy-phenazine mass spectra (Figs. 8.1 to 8.6) 
show an intense parent ion peak of the anhydrous molecules, and these peak 
are also the base peaks, except in the case of the 7-nitro-derivative (VI)
The fragmentation of 1,2,3,4-tetrahydroxy-phenazine (I) (Fig. 8.1 
may be rationalized on the basis of an initial loss of carbon monoxide, 
followed by the loss of a formyl radical. (Diag. 8.1). The loss of 
these fragments has been shown to be a characteristic feature of the 
breakdown of phenols.19^
8.1. Mass spectrum of 1,2,3,4-tetrahydroxy-phenazine (I)
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8.2. Mass spectrum of 7-methyl-1,2,3,4-tetrahydroxy-phenazine (II)
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8.3. Mass spectrum of 7,8-dimethy1-1,2,3,4-tetrahydroxy-^ienazine (III)
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Fig. 8.4
Fig. 8.5
Fig,8.6
Mass spectrum of 7-chloro-l,2,3,4-tetrahydroxy-phenazine (IV)
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Mass spectrum of 7-carboxyl-1,2,3,4-tetrahydroxy-phenazine (V)
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OH
OHH
N OH
OH
+  *
-CO
— — m/e 216
-CHO
m/e 187
ms 191.3
m/e 244
-HCN
m/e 104 -*— i  m/e 131
ms 82.7
-HCN
ms 57.2
m/e 77
Diag. 8.1.
ms 162.5
_0H
-GO
m/e 159 m/e 170
(4%)
-CO
*
ms 118.
-HCN
m/e 115 — — *---  m/e 142
ms 92.8
Note: Fragmentations supported by the presence of a metastable peak (ms)
are marked with an asterisk.
In the methyl-derivative (II) spectrum (Fig. 8.2) prominent P-l 
and P-2 peaks are present at m/e 257 and m/e 256, respectively. No 
intense P-15 peak is observed, since both the m/e 257 and m/e 256 ions are 
probably stabilized via re-arrangement to tropylium-like ions. (Diag. 8.2). 
Phenols and cresols have been found to exhibit similar behaviour.192
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Diag. 8.2.
The fragmentation of the dimethyl-derivative (III) is very 
similar to that of the methyl-derivative (II), showing the same loss of 
two protons, giving a tropylium-like ion at m/e 270. (Fig. 8.3). The 
parent ion m/e 272 also loses a carbon monoxide fragment to give a peak 
at m/e 244 which then appears to lose a methy1-acetylene fragment. Both 
these eliminations are supported by the appropriate metastable ion peaks 
at m/e 219 and m/e 160.8, respectively.
The chloro-ccmpound (IV) spectrum (Fig.8.4) shows the molecular 
ion peak m/e 278 as well as a strong peak at m/e 280. The ratio of their 
intensities, 1 to 0.32, shows that the latter peak is entirely due to the 
37Cl-containing molecular ion (natural abundance ratio 35C1 to 37C1 is 
1 to 0.320).
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Thus the fragmentation is characterized by the presence of ions 
containing both isotopes. Initial breakdown again involves the loss of 
both CO and CHO fragments, but not chlorine ions.
i
The carboxyl-compound (V) has an extremely complex mass spectrum 
(Fig. 8.5) which shows the elimination of not only CO, CHO and HCN fragments j 
but also hydroxyl and carboxyl fragments, as may be expected for a 
carboxylic acid.193
The nitro-compound (VI) spectrum (Fig. 8.6) is also extremely 
complex, although the presence of a large number of metastable ion peaks 
has facilitated the analysis of its fragmentation. The parent ion peak 
m/e 289 is not the most intense peak, indicating the destabilizing effect 
of the nitro-group. Thus initial fragmentation involves the loss of two 
protons, presumably to give the corresponding phenazine-quinone ion (XII) 
at m/e 287. Loss of-the N02 fragment also occurs, but to a lesser extent. 
The main fragmentation path of the nitro-compound (VI) may be represented as 
follows. (Diag. 8.3).
-CO 
ms H 3 •!
75
Diag. 8.3.
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(b) Dihydroxy-phenazine-quinones.
The mass spectra of the 2,3-dihydroxy-phenazine-l,4-quinones are 
given in Figs. 8.7 to 8.12.
Fig. 8.7. Mass spectrum of 2,3-dihydroxy-phenazine-l,4-quinone (VII)
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Fig. 8.8. Mass spectrum of 7-methy 1-2,3-dihydroxy-phenazine-l,4-quinone (VIII)
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Fig. 8
I
Fig. 8
Fig. 8
,9. Mass spectrum of 7,8-dimethyl-2,3-dihydrcocy-phenazine-1,4-quinone
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Fig. 8.12. Mass spectrum of 7-nitro-2,3-dihydroxy-phenazine-l,4-quinone (XII)
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The fragmentation of all the 2,3-dihydroxy-phenazine -1,4-quinones 
is characterized by the successive elimination of four carbon monoxide 
and two hydrogen cyanide fragments. The most intense peaks in all these 
spectra are the molecular ion peaks (M) and the M-4C0 ion peaks. The 
latter are probably due to the stable quinoxaline ions produced in the 
fragmentation. Thus the 2,3-dihydroxy-phenazine-l,4-quinone (VII) breakdown 
may be represented as follows: (Diag. 8.4).
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In the fragmentation of the methyl-compound (VIII) loss of protons 
from the methyl group and re-arrangement to tropylium-like ions does not 
appear to be energetically favourable until all the carbon monoxide units 
are eliminated, and then the methyl group re-arrangement competes with 
the HCN elimination. (Diag. 8.5).
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A similar breakdown, scheme appears to operate in the case of 
the dimethyl-derivative (IX) as well.
The chloro-compound (X) spectrum (Fig. 8.10) shows the molecular 
ion peaks, m/e 278 and m/e 276, due to the presence of both the 35C1 
and 37C1 isotopes. However, the ratio of their peak intensities,
1 to 0.385, as compared with the natural abundance ratio of 1 to 0.320, 
suggests that molecular-ion collisions have occured in the mass 
spectrometer. The fragmentation of the molecular ions is similar to that of 
the other phenazine-quinones. Chlorine elimination becomes important only 
after the loss of four CO and one IiCN fragments has taken place.
The carboxyl-compound (XI) spectrum also shows this characteristic 
elimination of four carbon monoxide fragments. Further fragmentation is by 
elimination of HCN, COGH and HCN to yield the benzyne ion.'
The nitro-compound (XII) appears to break down to the nitro- 
quinoxaline ion. Further fragmentation favours the elimination of the nitro- 
group rather than ITCN, although both are observed, but the latter process 
gives low intensity ion peaks. The m/e 143 ion could arise from the 
elimination of NO to yield a quinoxaiine-phenoxy cation. (Diag. 8.6). This 
unusual re-arrangement has been observed in the mass spectral fragmentation 
of nitrobenzene.194
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It is of interest to note that all the dihydroxy-phenazine- 
quinone spectra show a characteristic M-CO-44 ion peak. The loss of a mass 
44 fragment is supported by the presence of an appropriate metastable peak. 
It seems very likely that this fragment is carbon dioxide.
(c) Phenazine-tetrones.
All the phenazine-tetrones were obtained as hydrates. Infrared, 
ultraviolet-visible and 'H NMR spectroscopy has not clarified the role of 
these water molecules in the molecular structure.
The mass spectra, Figs. 8.13 to 8.16, all show a parent ion peak 
corresponding to m/e M+ 2 (M = mass of anhydrous tetrone). The two protons 
may be present in the molecules attached to either the two nitrogen atoms
or to two oxygon atoms. (Diag. 8.7).
(VII) (XIV b)
M
Diag. 8.7.
Neither structure (VII) nor structure (XlVb)is present in the 
original tetrone, since the infrared spectra of (XIV) and (VII) are 
different, and structure (XIV b) is not substantiated by the 1'tN NMR 
chemical shift measurements. Therefore, it appears that either (VII) or 
(XIV b), or both structures, are produced fran the tetrone-hydrates upon 
electron impact. It is possible that some of the carbonyl groups are 
hydrated to the gem-diol form which could lose two hydroxyl groups to give 
structure (VII) and possibly (XIV b) as well, by proton migration. (Diag. 8.8).
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Fig. 8.13. Mass spectrum of phenazine-I,2,3,4-tetrone
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Fig. 8.14. Mass spectrum of 7-meth.yl-phenazine-I,2,3,4-0 tetrone (XV)
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The phenazine-tetrones, apart from the methy1-compound (XV), 
give the base peak at m/e 44, which is probably due to the carbon dioxide . 
ion. It seems likely that both electron impact as well as thermal 
fragmentation is taking place. Eistert et al93 have proposed a so-called 
thermal ''redox-disproport ionatiort'of phenazine-l,2,3,4-tetrone dihydrate 
(XIV) in which carbon dioxide is given off. (Diag. 8.9).
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Diag. 8.9.
To illustrate the fragmentation of the tetrones the phenazine- 
1,2,3,4-tetrone breakdown pattern is given below: (Diag. 8.10).
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(d) Five-membered ring oxocarbon condensation products.
The mass spectra of the five-membered ring oxocarbon condensation 
products are given in Figs. 8.17, 8.18 and 8.19.
Fig. 8.17. Mass spectrum of quinoxalino-(2,3-d)-2,3-dihydroxy-cyclopentadien-
1-one (XXII)
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Fig. 8.18. Mass spectrum of 6,7-dimethyl-quinoxalino-(2,3-d)-2,3-dihydroxy-
cyclopentadien-l-one (XXIII)
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Fig. 8.19. Mass spectrum of quinaxalino-(2,3-d)-cyclopentane-1,2,3-trione
(XXIV}
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The mass spectral fragmentation of these condensation products 
is very similar to those of the corresponding six-membered ring oxocarbon 
condensation products. This is hardly surprising since these molecular ions 
are all observed as fragment ions in the mass spectra of the six-membered 
ring precursor compounds.
CHAPTER 9
A study of sane squaric acid condensation products.
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9.1. Introduction
The characteristic Hinsberg85 condensation reaction given by 
a-uiketones and o-phenylenediamines has been studied with a number of 
cyclobutene-diones. Both phenyl-cyclobutene-dione195 and diphenyl- 
cyclobutene-dione195 reacted with o-phenylenediamine, but did not yield the 
expected cyclobutadieno-quinoxalines. (Diag. 9.1.) In both cases rupture
o
^ Hj,N
H o
-H-*-
-QMs
Diag. 9.1.
of the cyclobutene-dione occurs to give substituted quinoxalines. (Diag. 9.2).
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Diag. 9.2.
More recently, high melting coloured l-phenyl-cyclobuta(b)- 
quinoxalin-2(8H)-ones have been obtained from reactions between 1-bromo-
2-phenyl-l-cyclobutene-3,4-dione and o-phenylenediamines.197 (Diag. 9.3).
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Diag. 9.3.
In this study o£ the quinoxaline reaction between squaric aciid 
and o-phenylenediamines coloured, high melting solids were isolated.
9.2. Discussion
If the reaction is assumed to proceed as in the phenyl- 
cyclobutene-diones then squaric acid should give 2-hydroxy-3-hydroxyacetyl- 
quinoxaline and not the dihydroxy-cyclobutadieno-quinoxaline, although 
it is conceivable that in the latter conpound rupture of the 
cyclobutadiene ring could occur to yield quinoxaline-2,3-dialdehyde.
(Diag. 9.4).
O ,oh
NHj. --
+ '*
OH
N.
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N
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CM jjOH
O
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Diag. 9.4.
The reaction may take place in the same manner as that between 
bromo-phenyl-eyelobutene-dione and o-phenylenediamine, but in this case 
both mono- and di-condensation products should result. (Diag. 9.5).
.NH, Ho.
+
OH Ho,
>----^  n .
o
H 
H ■r t H ■
Diag. 9.5.
The condensation products could be betaine-type molecules, 
analogous to those isolated from reactions between squaric acid and both 
primary and secondary aromatic amines.98 (Diag. 9.6).
o
T
/OH
oh
N
H
Diag. 9.6.
Elemental analyses indicate that the condensation products 
obtained from squaric acid and o-phenylened-umines are mono-condensation 
compounds. Spectroscopic and mass spectrometric studies indicate that 
these mono-condensation products are l,2,3,8-tetrahydro-l,2-dioxo- 
cyclobuta-(b)-quinoxalines (Diag. 9.7) and not the alternative structures 
given above.
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(A) R1= R2 = H;
(B) R1* H, R2 = ffl3;
(C) R1* R2 CH3.
(D) R1 = H, R2 = Cl;
(E) R1 = H, R2 = COCH, (monohydrate);
(F) R1 ■ H, R2 « N02, (monohydrate).
Diag. 9.7.
(a) Infrared spectra
The infrared spectral data of all these condensation products 
are given in Table 9.1., only medium and strong absorption bands are 
given.
Table 9.1. Squaric acid condensation product infrsrec spectral data.
(A) (B) (C) (D) CS) CF)
3,540cm 'Ksit 3,400cm As 3,590cm •1s
3,440 m 3,200 vs 3,510 s
3,180cm'■1s 3,180cm"■1s 3,180 s 3,175cm"
. 1
s^ 3,050 s 3,170 m
3,130 s 3,135 s 3,120 s 3,120 s 2,990 s 3,115 s
2,960 s 2,955 s 2,930 s 2,980 s 2,730 m 3,040 m
2,885 s 2,880 s 2,865 s 2,950 s 2,540 n 2,920 s
2,790 s 2,810 s 2,765 s 2,860 s 2,850 s
1,818 s 1,808 s 1,812 vs
1,800 s 1,800 s 1,795 m 1,805 s 1,802 vs 1,800 s
1,655 vs 1,670 vs 1,640 vs 1,675 vs 1,695 vs 1,7-70 s
1,610 vs 1,620 vs 1,570 vs 1,625 vs 1,640 vs 1.630 s
1,560 vs 1,585 vs 1,550 vs 1,580 vs 1,590 vs 1,590 s
1,495 vs 1,550 s 1,510 vs 1,545 vs 1,575 vs 1,490 s
1,470 vs 1,500 vs 1,465 s 1,490 vs 1,535 s 1,425 m
1,370 vs 1,460 s 1,410 vs 1,415 s 1,490 s 1,330 s
1,315 vs 1,420 s 1,385 s 1,350 s 1,420 s 1,273 s
1,246 s 1,360 s 1,350 s l,2o8 m 1,330 s 1,073 s
1,130 s 1,255 m 1,270 m 1,193 m 1,295 s 900 s
930 m 1,210 m 1,204 m 1,128 m 1,280 s 850 s
806 s 1,126 m 1,100 m 1,092 m 1,240 m 785 s
778 s 1,082 m 1,080 m 920 s 1,103 m 743 s
740 s 950 m 877 m 868 m 966 m 673 s
667 s 856 m 867 m 815 s 850 m 646 m
603 m 816 s 760 s 785 m 766 s 612 m
785 m 727 s 725 m 672 m
720 m 673 s 668 s
668 s
The specta of all these compounds show strong bands in the
-i -1
region ~3,200 on to ~2,700 cm which probably arise from hydrogen- 
bonded vN-H stretching vibrations. The spectra of compounds (C), CO 
and (F) show additional bands at higher frequencies which are probably 
due to vO-H vibrations. The strong absorption bands in the l,SI8cm
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to l,795au ' region nay be assigned to vC=0 vibrations and their 
frequencies support the cyclbbntene-dione stiricture.33 5 , 5 1 , 1 9 5 0 The 
presence of these high frequency vOO bands appears to rule out the 
quinoxaline-2,3-dialdehyde, 2-hydro?/™3-hydroxyacetyl-quinoxaline, and 
the dihydroxy-cyclobutadieno-quinoxaline structures. (Diag. 9.4). 
Furthermore, the dialdehyde has been isolated198 and shorn to have a 
strong sharp vOO band at 1,721 cm’^ .199
Compounds, (A), (C) and (E) show a vC-0 doublet, whereas 
compounds (B), (D) and (F) give only a single vC=0 band. No explanation 
for this can be advanced at present, since o-quinones have also been 
found to give only a single vC=0 band.200 The carboxyl-compound (E) 
shows, in addition, an intense band at 1,695 cm  ^which may be assigned 
to the carboxyl vC=0 vibrational mode.
-1
The intense bands in the region 1,7C0 cm to 1,640 era A could
be due to the cyclobutene-dione ring vC=C vibrations. Mon-conjugated
vC=C vibrational bands in alkenes have been observed at 1,680 cm-'*' to 
_1  122
1,620 cm , and it is possible that these compounds may be non-planar 
and hence not fully conjugated.
(b) 'H NMR spectra.
These squaric acid condensation products were sufficiently 
soluble for *H M R  measurements in only dimethyl sulphoxide and pyridine. 
Their 'H NMR data are given in Table 9.2.
Table 9.2. Cyclobuta-(b)-quinoxaline *H KIR spectral data.
Ring Protons MI Protons CH3 Protons OH Protore
Cyclobuta- (b)-
quinoxaline (A) 3.26-3.74 m (MS) 0.01 (~4ilz)
3.50 c (DMS)
Methyl-
derivative (B) 3.46-3.81 m (IMS) 0.07 (~5Hz) (IMS) 7.98 (PY)
Bimethyl-
derivative (C) 3.84 (DMS) 0.07 (~5Hz) (IMS) 8.01 (PY) 5.66 (HE)
4.93 (PY)
Chloro-
derivative (D) 3.23-3.78 m (HIS) -0.07 (~5Hz)(DMS)
Table 9.2. (continued)
CH3 Protons CfI Protons
4.80(~5(Ez) 
(IT'S.. 
4.52(~6CKz) 
(PY)
Nitro-
derivative (F) 2.38-3.71 m(niS) -0.31,-0.55
(El'IS)
The unsubstituted cyclobuta-(b)-quinoxaline (A) shows a 
characteristic synmetrical A2B2 ring proton multiplet centred at 
t 3.50 ppm. and also a slightly broadened signal at low-£ield, t 0.04 
ppm. The ratio of their integrated signal areas is 2 to 1, respectively, 
in support of the cyclobuta-(b)-quinoxaline structure, rather than any 
of the other possible structures indicated earlier. The position of the 
aromatic proton mull; ip let, t 3.50 ppm., is at a considerably higher field 
than that observed for quinoxaline-2,,3-dialdehyde, t 2.00 ppm.199 
Furthermore, the dialdehyde gives a sharp aldehydic proton signal at 
r -0.28 ppm., whereas all these condensation products show broadened 
low-fieId signals. All ofthe aldehydic proton signals given in the 
Varian catalogue are sharp.201
The chloro-(D), carboxyl-(E) and nitro-(F) substituent groups 
produce an increasingly greater deshielding of the N-H protons.
(Table 9.2). In the carboxyl-(E) and the nitro-(F) compounds the 
shielding is different at each of the two MI protons, giving rise to 
two low-field signals.
Hie methyl-compound (B) ring protons give a quartet of lines 
(Fig.9.1). Hie very weak splitting of the low-field doublet suggests 
that these signals arise from proton (B), which is slightly coupled 
with proton (X). The latter proton signal is superimposed on the
Ring Protons ITT Protons
Carboxyl-
derivative (E) 2.72-3.72 m('fl'iS) -0.13,-0.26
(IKS)
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Fig. 9.1.
(A)
H
\
(B)
high-field peak of the (A) proton doublet. The following proton chemical 
shift and spin-coupling constant values were calculated: x ^  3.73 ppm., 
tj-gj 3.54 ppm., t q q  “3.81 ppm. and J^g “7.2 Hz.
As would be expected, the dimethyl compound (C) ring protons give 
a single signal peak at x 3.84 ppm., close to the value of the (X) proton 
signal in the mono-methyl compound (B) spectrum.
The chloro-compound (D) ring protons produce a multiplet of 
lines (Fig. 9.2). Calculations lead to the following chemical shift and 
spin-coupling constant values: x ^  3.70 ppm., x ^  3.33 ppm., t q q  3.70
ppm., and J^g “8.4 Hz, Jg^ “2.4 Hz.
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The carboxyl-canpound (E) gives a similar ring proton multiplet 
(Fig. 9.3) which upon analysis yields the following values for the chemical 
shifts and coupling constants: 3.64 ppm., 2.81 ppm., t q q  3.165
ppm., “8.4 Hz, and JRY “1.8 Hz.BX
B
CA)
A3
BXBX
vn.
176 1-89
(p.p.m.)
HOOC-^^S.
H
(*) (E)
H
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The nitro-ccmpound (F) also gives a ring proton multiplet 
(Fig. 9.4) with the following chemical shift and coupling constant values: 
3.64 ppm., 2.47 ppm., Tqq 3.04 ppm., J^  “8.4 Hz, “2.4 Hz.
B
(*)
BX
BX
OjN
M
00
t (p.p.m.)
H
Fig. 9.4.
The ring proton chemical shift and spin-coupling constant values 
are summarized in Table. 9.3.
Table- 9.3. Cyclobuta-(b)-quinoxaline rin* pix>ton chemical shifts and
spin-coupling constants.
Ring Proton Chemical Shifts (ppm) Spin-Coupling Constant
(Hz)
Compound
T(A) T(B) T(X) JAB JBX
'Methyl- (B) 3.73 3.54 3.81 ~7.2 -
Chloro-(D) 3.70 3.33 3.70 ”8.4 ~2.4
Carboxyl-(E) 3.64 2.81 3.165 ~8.4 ~1.8
Nitro-(F) 3.64 2.47 3.04 -8.4 -2.4
Both the carboxyl-(E) and the nitro-(F) groups produce 
considerable deshielding of the Mi protons, as shown by their large 
down-field shifts. If this effect is produced by the operation of a 
mesoxaeric effect then it is likely that all these condensation products 
have planar structures in which the lone-pair electrons of the nitrogen 
atoms are conjugated with the rest of the ir-electron network.
(c) Ultraviolet-visible spectra.
These condensation products were insufficiently soluble in most 
organic solvents for their ultraviolet spectra to be measured accurately. 
Nevertheless, they were sufficiently soluble to give good spectra in 
dimethylsulphoxi ie. Measurements were also made on saturated methanol 
solutions. The absorption band intensities were estimated by assuming 
that the most intense bands in the methanol solution spectra have the 
same molar extinction coefficient values as the corresponding bands in 
dimethylsulphoxide solution. The spectral data for the dimetbylsulphoxide 
and methanol solutions are given in Tables 9.4 and 9.5, respectively.
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Table 9.4. Cyclobut.a-(b)-quinoxaline ultraviolet-visible spectral data
in dimethyisulphoxide solution.
(A) (B) CO (D) (E) (F)
Amax (anax) Amax(emax) Aiaax(eniax) Amax(enax) Xraax(emax) xnax(.E *m )
283( 20,100)
304(13,000) 306(12,100) 308(11,100) 304 ( 13,700) 303 ( 16,300) 306(25,003)
312(13,300) 315(12,600) 318(12,000) 314(~12,5CO)sh313(~14,2CO)sh
348(16,900) 347(16,100) 347(16,000) 350( 15,000) 352( 15,800) 385(12,503)
419(~1,300)sh422(~1,200)sh424( 1,400) 423( ~l,100)sh
435( 1,400) 435( 1,200) 435( 1,100) 447( 1,500)
458(~1,100)sh460( ~900)sh465(~l,CCC)sh460( ~9CO)sh467( “l,300)sh
493( ~450)sh499( ~300)shS04( ~300)sh493( ~400)sh5G2( ~600)sh528( 4,000)
Table 9.5. Cyclobuta-(b)-quinoxaline ultraviolet-visible spectral data
in methanol solution.
(A) (B) (C) (D) (E) (F)
Amax (enaax) Amax(emax) Amax(emax) Amax(emax) Xnax(smax) Amax(einax)
226( 8,000)sh230( 4,O3G)sh232(15,C00) 229( 5,000)sh233( 7,COO)sh235(11,000)
242( 26,500)sh 247(23,000)
249( 35,000) 251(31,000) 253(26,000) 251(33,000) 257(28,000)
254( 28,000)sh257 (24,000)sh26C(22,000)sh?56(28,000)sh274 (18,000) 263(12,C0Q):h 
299( 14,000) 301(12,000) 303(12,000) 300(14,000) 299(17,000) 502(25,000)
307( 15,000) 311(14,000) 313(14,000) 310(13,000) 310(16,000)
332 (: 17,000) 337(16,000) 537(16,000) 344(15,000) 344(16,000)
413( 900) 416( 1,000) 395( 5,COO)sh417( 1,500) 421( 1,500)sh372(13,000)
431( 1,000) sh 428 ( 1,500) 440( 1,500)
461( l,400)sh460( 800)sh466( l,000)sh457( l,000)sh463( l,300)sh461(3,000)sh
493( 700)sh495( 300)sh 49C( 400)sh497f 500)sh491(+,000)sh
514(3,500)sh 
568( 800)sb
The ultraviolet-visible spectra of all these condensation 
products, with the exception of the nitro-ccmpound (F), are very similar, 
showing a large number of bands and distinct shoulders. There is 
considerable similarity between the spectra of the unsubstituted 
cyclobuta-(b)-quinoxaline (A) and benzc-cyclobutadienoouinone.202
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The latter compound spectrum shows four strong maxima at 220 my (e 36,300), 
286 my (e 3,200) shoulder, 292 my (e 4,900), 301 my (e 5,200) and a weak 
absorption band centred at 427 my (e 280). This similarity suggests that 
the assumption of cyclobutadieno-quinone-quinoxaline structures for these 
condensation products is reasonable.
(d) Mass spectra.
The fragmentation of all these squaric acid condensation products
upon electron impact is characterised by the successive elimination of 
two carbon monoxide and two hydrogen cyanide fragments, giving further 
support to the proposed l,2,3,8-tetra-hydro-l,2-dioxo-cyclobuta-(b)- 
quinoxaline structures for these molecules. The major ions and their 
relative abundances are given in Figs. 9.5 to 9.10.
Fig. 9.5. Mass spectrum of cyclobuta-Cb)-quinoxaline (A)
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Fig. 9.6. Mass spectrum of methyl-derivative (B)
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Fig. 9.9. Mass spectrum of carboxyl-derivative (E)
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Fig. 9.10. Mass spectrum of nitro-derivative (F)
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The mass spectral fragmentation of the unsubstituted 
condensation product (A) may be rationalized as follows: (Diag. 9.8).
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Diag. 9.8.
The mono-methyl derivative (B) follows a very similar 
fragmentation pattern (Fig. 9.6). The presence of prominent peaks at 
m/e 171, m/e 170 and at m/e 143, m/e 142, suggests that loss of protons 
from the methyl group is taking place with stabilization of the resulting 
ions via re-arrangement to tropylium-like ions.
The dimethyl-(C), chloro-(D), carboxyl-(E), and nitro-(F) 
derivatives break down similarly to produce prominent M-2C0 peaks, which 
are probably due to the corresponding substituted quinoxaline ions. Thus 
the behaviour of all these squaric acid condensation products upon electron 
impact is very similar to that of the corresponding six-membered ring 
oxocarbon rhodizonic acid condensation products, the dihydroxy-phenazine- 
quinones. (Chapter 8). This clearly illustrates the close similarity ; 
not only between the oxocarbons themselves, but also between their 
condensation products.
(e) Di-condensation products.
Squaric acid reacts with excess o-phenyleuediamine to yield 
a colourless crystalline solid (dec. 13Q°C). Elemental analysis indicates 
that the product may be a di-condensation compound, analogous to the 
condensation products obtained from squaric acid and both primary and 
secondary aromatic amines,98 although the latter are intensely coloured.
In an earlier communication this product was formulated as a di-condensation 
compound of squaric acid.99 (Diag. 9.9).
O
H
Ni
O
HiN
Di; !.9.
Its infrared spectrum differs from those of the two starting 
materials, squaric acid and o-phenylenediamine (Table 9.6), and shows 
no characteristic cyclobutene-dione vC=0 bands near 1,800 an , in support 
of the above structure.
Table 9.6. "Di-condensation" product infrared spectral data.
"Di-condensation" Squaric acid o-Ehenylenediaraine
product
3,450 - 1  cm s 3,395 cm  ^s
3,350 m 3,370 s
3,235 s "3,000 to 2,100 cm  ^b 3,280 s
2,850 s centred "2,400 m 3,190 s
2,570 s
1,820 m
1,650 s 1,650 s 1,640 s
1,615 vs strong absorption from 1,600 s
1,590 m "1,450 - 9CO
1,525 vs
1,510 vs 1,510 vs
1,475 vs 1,475 vs
1,450 vs
1,330 s
1,315 m 1,320 s 1,325 El
1,208 s 1,050 s 1,277 s
843 m 925 s 1,158 m
746 s 725 s 928 m
533 m 635 s 750 vs
450 s 380 s 442 m
The mass spectrum of the compound shows a parent ion peak, 
xviiich is also the base peak, at m/e 108 (at 240°C). This peak is most 
probably due to the o-phenylenediamine molecular ion. The postulated 
di-condensation product would be expected to give a parent ion peak at 
m/e 294.
The di-condensation product structure appears to be untenable, 
and it is more likely that this product is either a charge-transfer 
complex or a salt. The absence of a strong charge-transfer band in the 
visible region of the spectrum (Table 9.7) indicates the latter, 
although charge-transfer complex formation cannot be ruled out 
completely. 2 0 3
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Table 9.7. ' 'Di-condens at ion" product ultraviolet-visible solid diffuse
reflectance spectral data.
"Di-condensation” Squaric acid o-Fhenylenediamine
product
Amax. Relative Amax. Relative Amax. Relative
absorbance absorbance absorbance
271 mp 1.30 261 mp 0.87 206 mp 0.97
288 mp 1.13 sh 265 mp 0.88 232 mp 0.96
321 mp 1.26 270 mp 0.86 290 mp 1.02
330 mp 1.26 305 mp 1.12 318 mp 1.01 sh
483 mp 0.38 383 mp 0.10 370 mp 0.60
518 mp 0.35 435 mp 0.50
585 mp 0.26 sh
645 mp • 0.23
The product may be formulated as follows: (Diag. 9.10).
Diag. 9.10.
This structure would account for the absence of the characteristic 
cyclobutene-dione vC=0 band near 1S00 cm
Its 'H NMR spectrum shows a characteristic A2B2 proton multiplet 
centred at t 3.30 ppm. (DMS), as compared with the o-phenylenediamine ring 
proton multiplet at x 3.56 ppm. (EMS). This down-field shift of the "salt" 
ring protoiBmay be assumed to arise from a decrease in the electron donating 
power of the amino groups to the benzene ring. Furthermore, the integrated
proton signal areas of the ring and acd.no protons are in the ratio of 
4 to 5, giving further support to the above femulation. The amino 
group protons give a single peak at t  3.59 ppm. (HIS), with a width 
at half-peak height of ~3 Hz, whereas the o-phenylenediamine signal is 
at t 5.66 ppm, (MS), and ~7 Hz. In the "salt" the shielding due to the 
nitrogen lone-pair of electrons is reduced, thus accounting for the 
considerable down-fieId chemical shift of the amino group protons. The 
sharpening of the signal may be attributed to the formation of more 
symmetrical nitrogen environments, -?fi3 , resulting in a decrease cf 
local electric field gradients at the nitrogen atoms and hence a 
reduction in the quadruoolar relaxation broadening. The ll+N MIR 
chemical shift was found to be + 320 ± 5 ppm., in good agreement with 
amine 14N chemical shift values. 1 8 4
Preliminary investigations have indicated that both substituted 
o-phenylenediamines and o-diamino-naphthalenes give similar 2 to 1 , 
diamine squaric acid, salts. 2 0 4
This so-called ”salt” reacted with both copper and nickel acetates 
to give turquoise and 'pale blue solid complexes, respectively, whose 
magnetic moments wore found to be 1.86 Bohr magnetons and 3.24 Bohr 
magnetons. These values are consistent with an octahedral environment 
for both these metal complexes. 2 0 5  The elemental analyses indicate that 
each of these metal cations may have camplexed with two molecules of
o-phenylenediamine and one squaric acid dianion to give complexes of 
the following structure: (Diag. 9.11).
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M = Cu2+, Ni2+
Diag. 9.11.
'O
'L-
The absence of characteristic cyclobutene-dione vC=0 bands in 
their infrared spectra (Table 9.8) support the above structure, although 
the lack of solubility of these complexes in most solvents suggests that 
they may be polymeric.
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Table 9.8. Infrared spectral data of the metal complexes,i
Copper canplex Nickel complex
3,275 - 1  cm m 3,350 cm  ^m
2,990 m 3,340 m
3,230 m
3,200 m
3,160 m
3,040 s
1,620 m 1,630 m
1,570 m 1,615 m
1,510 s 1,585 s
1,490 s 1,540 vs
1,470 s 1,520 vs
1,287 m 1,470 vs
1,245 m 1,265 n
1 , 2 1 0 m 1,197 m
1,157 m 1,065 s
1,090 m 1,030 vs
947 m 858 m
750 s 742 m
685 m 735 vs
655 m 655 vs
450 m 430 s
Their ultraviolet-visible solid diffuse reflectance spectra 
(Table 9.9) show medium intensity bands at lone wavelengths, together 
with even longer wavelength shoulders. These bands may arise from the 
metal d-xi transitions of the cctahedrally co-ordinated divalent copper 
and nickel ions. 2 0 6
Table 9.9. Ultraviolet-visible solid diffuse reflectance spectral data
of the metal comp]exes.
Copper complex Nickel complex
Amax(mu) Relative Xmax(mu) Relative
absorbance absorbance
2 2 1 1.51 225 1.30
270 1.71 261 1.42
285 1.63 sh 300 1.18
3CD 1.48 sh 333 0.93 sh
376 0 . 8 6  sh 580 0.53
617 0.49 714 0.38 sh
812 0.28 sh
Further study of both the squaric acid o-pb.enylenediamine
salt as well as its metal complexes is required for a better understanding 
of their structural features.
9.3. Conclusion
Preliminary studies on the cyclobuta-(b)-quinoxalines indicate 
the facile formation of free radicals in concentrated sulphuric acid 
solution. These are being investigated by means of electron spin 
resonance spectroscopy. 1 hN NMR chemical shift measurements are also being 
undertaken on the cyclobuta-(b)-quinoxalines and it is hoped that these will 
provide further evidence for the proposed structures of these molecules.
EXPEREfENTAL
A. Preparative work
1 . Ococarbons
(a) Squaric acid.
Squaric acid was obtained from Fluka A.G. Switzerland, and. 
purified according to the method of Park et ai. 1 0
Found
Calculated for
C 42.24, H 2.04. 
C 42.12, H 1.78.
(b) Croccnic acid.
Croconic acid was obtained from tetrahydroxy-p-benzequinone 
dihydrate using the method of Yamada and Hirata. 4 6
(c) Rhodizonic acid dihydrate and triquinoyl octahydrate.
Rhodizonic acid dihydrate was prepared by a modification of the 
method used by Eistert and Bock2 7  to prepare triquinoyl 
octahydrate.
7.5 g of tetrahydroxy-’p-benzoquinone dihydrate were 
suspended in 50 ml. of glacial acetic acid and bromine added to 
the stirred suspension until a permanent brown colour was 
obtained. The reaction was continued for 15 minutes at roan 
temperature. Hie brown solid was filtered off and washed 
thoroughly with glacial acetic acid and a small amount of acetone, 
giving crude rhodizonic acid dihydrate.
Hie filtrate was treated with a small amount of water and 
upon cooling colourless crystals of triquinoyl octahydrate were 
obtained. These were filtered off, thoroughly washed with water, 
acetone and ether, and air dried. Yield of triquinoyl 
octahydrate 3.15 g.
Found
Calculated for C5H2 O5
C 41.43, H 1.60. 
C 42.27, H 1.42.
" i.' /
Found
Calculated for C6 C6 ,BH20
C 23,36, h 5,10,
C 23.08, H 5,17.
Hie crude rhodizonic acid was purified by dissolving in tba 
minimum amount of warm tetrahydrofursn, filtering and 
re-precipitating by the addition, of petroleum ether. The solid 
was filtered off and washed with small amounts of acetone and 
ether. Hie purification was repeated. Yield of rhodizonic acid 
dihydrate 2.35 g, 31.6% of theoretical.
Found C 34.90, H 3.02,
Calculated for C6H2 06 .2H20 C 34.96, K 2.94.
(d) Octahydroxycyclofcutane.
Octahydroxycyclobutane was prepared according to the method of 
West et al1 1 from squaric acid.
Found C 26.13, H 4.45.
Calculated for C^HgOg C 26.09, H 4.38.
(e) Leuconic acid pentahydrate.
Leuconic acid pentahydrate was obtained from croconic acid by 
the method of Fatiadi et al. 2 1
Found C 25.98, H 4.79.
Calculated for C5 05 .5H20 C 26.09, H 4.38.
(f) Tetrahydroxy-p-benzoquinone dihydrate.
The method of Preisler and Berger2 4  was used in the preparation 
cf tetrahydroxy-p-benzoquinone dihydrate.
Found C 34.66, H 4.06.
Calculated for C6H4 06 .2H20 C 34.62, H 3.87.
2. 1,2,3,4-Tetrahydroxy-phenazines.
The general procedure used for the preparation of the 
tetrahydroxy-phenazines may be illustrated by the method used 
for the preparation of 1,2,3,4-tetrahydroxy-phenazine itself,
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(a) 1,2,3, 4-t8traIiydroicjr-phc3iasme (I) .
Tetrahydroxy-p-benz oquinone dihydrate (0. S g» 0,0324 mole) was 
dissolved in hot dilute acetic acid ( 1 0 1  v/v). o-Hienylenediamine 
(0.26 g. 0.0024 mole) was also dissolved in hot dilute acetic 
acid. The two solutions were mixed and allowed to cool. The 
green-black precipitate was collected by filtration and washed 
thoroughly with water, ethanol, acetone and ether. Yield 
0.5 g (85%). Melting point ~3C0°C decamp.
Found C 59.27, K 3.37, N 11.28.
Required for C1 2 H8 N2 0k C 59.02, H 3.30, N 11.47.
Tetra-acetyl derivative. Mpt. 243°C.
Found C 58.19, H 4.13, N 6.92.
Required for C2 0 HlltN2 O8 C 58.25, II 3.91, N 6.79.
Tetra-benzoyl derivative. Mpt. 237°C.
Found C 72.32, H 3.94, N 4.26.
Required for C ^ K ^ O g  C 72.72, 11 3.66, N 4.24.
(h) 7-methyl-1,2,3,4-tetrahydroxy-phenazine monohydrate (II).
Yield 8 8 %. Melting point 255 - 260°C decamp.
Found C 56.21, H 4.56, N 9.99.
Required for C1 3 H1 0 N2(VH2O C 56.52, H 4.38, N 10.14.
(c) 7,8 -dimethyl-1,2,3,4-tetrahydroxy-phenazine (III).
Yield 851. Melting point 285 - 295°C deccmp.
Found C 61.62, II 4.49, N 9.80.
Required for CmH 1 2 N2 0H C 61.76, K 4.44, M 10.29.
(d) 7-chlcro-l,2,3,4-tetrahydroxy-phenazine hemihydrate (TV).
Yield 76%. Melting point 283 - 287cC decamp.
Found £ C 50.27, H 3.00, N 9.66.
( C 50.27, H 2.87, N 9.86.
Required for C1 2 H7 N2 0itCl.lH20 C 50.10, H 2.80, N 9.74.
(-) ?-carbo:-;yl--l J235j,'f-"tctraiiyd.To:c/- Jienazine mciiahydrate Of),
Yield 811. Melting point 295 - 300°C deccmp.
Found
Required for C1 3 II8N2 06 .H20
C 51,13, K 3,33, N 9,33. 
C 50,99, H 3.29, N 9.15.
(f) 7-nitro-1,2,3,4-tetrahydroxy-phenazine dihydrate (VI). 
Yield 77%. Melting point 215°C decamp.
2,3-dihydroxy-phenaz ine-1,4--quinon.es.
The general procedure used for the preparation of the 
dihydroxy-phenazine-quinones nay be illustrated by the method 
used for the preparation of 2,3-dihydroxy-phenazine-l,4- 
quinone itself.
(a) 2,3-dihydroxy-phenazine-1,4-quinone (VII).
Rhodizonic acid dihydrate (0.5 g. 0.0024 mole) was dissolved 
in water ( 1 0  ml.) and o-phenylenediamine was dissolved in warm 
sulphuric acid (10 ml. of 251 w/v). The two solutions were 
mixed and allowed to cool to rocsn temperature. The red 
precipitate was collected by filtration and washed with water, 
ethanol, acetone and ether.
Yield 0.36 g (61%). Melting point ~28Q - 290°C decomp.
Found
Required for C1 2 H7 N3 0 6 .2 H2C
C 44.04, H 3.60, N 13.00 
C 44.31, H 3.41, N 12.92
Required for C1 2 HGN2 0i
Found
12ii6ii2u 4
(b) 7-methyl-2,3-dihydroxy-phenazine-l,4-quinono (VIII).
Yield 631. Melting point ~3C0°C decomp.
Found C 60.78, H 3.23, N 10.77.
Required for C1 3 H8N2 0t|. C 60.94, H 3.15, M 1C.93,
18J -
(c) 7,8 -dimethyl-2 ,3-diliydrcxy-phenazine-l,4-quiaome dihydratfc (IX). 
Yield 78%. Melting point >310°C„
Found £ C 55.13, H 3.86, N 9.37.
( C 55.19, H 4.57, N 8.24.
Required for Cx4H1 0 N2 O4 .2K2O C 54.90, H 4.61, N 8.82.
(d) 7-chloro“2,3“dihydroxy"-phenazine--l,4“quinone dihydrate (X). 
Yield 741. Melting point >310°C.
Found C 46.94, H 2.62, N 9.19.
Required for C1 2 H5N2 0 4 C1 .2 H2 0  C 46.09, II 2.90, N 8.96.
(e) 7-carboxy1-2,3-dihydroxy-phenazine-l,4-quinone hydrate (XI).
Yield 831. Melting point 280°C deccmp.
Found C 50.48, H 3.90, N 9.13.
Required for C1 3 H6N2 06 .H20 C 51.32, K 2.65, N 9.23.
(f) 7-nitro~2,3-dihydroxy-phenazine-l,4-quinone dihydrate (XII). 
Yield 61%. Melting point 295°C decomp.
Found £ C 43.87, H 3.32, N 12.96.
( C 45.33, H 3.23, N 13.18.
Required for C1 2 K5N306 .2H20 C 44.59, H 2.81, N 13.00.
4. Phenaz ine-1,2,3,4-tetrcnes.
(a) Fhenazine~l,2,3,4-tetroie dihydrate (XIV).
1 ,2 ,3,4-tetrahydroxy-phenazine (I) (2 g) was added in small 
portions to an ice-cooled stirred nitric acid solution ( 2 0  ml.
65% w/v). After the reaction was completed the yellow solid was
filtered off and washed with cold water, ethanol, acetone and 
ether.
Yield 2.25 g (quantitative). Melting point 190°C decomp.
Found C 52.03, H 2.74, N 10.30.,
Required for C1 2 H^N2 0«t-2H2C C 52.18, II 2.92, N 10.14,
7-methyl-phenazine~l,2,3,4-tetrone tetraii/dia-cc (XV).
7-methyl-1,2,3,4-tetrahydroxy-phenazine (II) (l.lg) was added 
in small portions to an ice-cooled stirred nitric acid solution 
(25 ml. 50% v/v). After the reaction was completed the yellow 
solid was filtered off and washed with cold water. The product 
was purified by dissolving in strong nitric acid, filtering and 
re-precipitating with water. Hie solid was filtered off and 
washed with xvater, acetone and ether.
Yield 0.85 g. (65%). Melting point 180°C decomp.
Found C 47.66, H 4.37, N 8.53.
Required for C1 3 H 6 N2 0^.4H20 C 47.85, H 4.33, N 8.59.
7s8~dimethyl-phenazine-l,2,3,4~-tetrone octahydrate (XVI).
7,8-dimethyl-l,2,3,4-tetrahydroxy-phenazine (III) (l.Og) was 
added in small portions to an ice-cooled stirred nitric acid 
solution (20ml. water and 5 ml. conc. nitric acid). After the 
reaction was completed the yellow solid was filtered off and 
washed with cold water. The product was purified by dissolving 
in strong nitric acid, filtering and re-precipitating with 
water. The solid was filtered off and washed with water, acetone 
and ether.
Yield 0.85 g (56%). Melting point 168°C decamp.
Found C 40.69, H 6.06, M 7.29.
Required for Cx H^gf^ Oi*. 8H20 C 40.78, H 5.87, N 6.79.
7-chloro-phenazine-l,2,3,4-tetrone heptahydrate (XVII).
Prepared from 7-chloro-1,2,3,4-tetrahydroxy-phenazine (IV) in 
the same way as the 7,8 -dimethyl-ccmpound (XVI).
Yield 62%. Melting point 185°C decamp.
Found C 36.57, H 4.23, N 7.10.
Required for C ^ N ^ C l ^ O  C 35.96, K 4.28, N 6 .99.
(e) 7-carboxyl-phena2ine-l ,2,3,4-tetrone pentahydrate (XVTJJ).
Prepared from 7-carboxyl-l, 2,3., 4-tetrahydro;:e/-phenazine (V) in 
the same way as the 7-chloro-CXVTI) and the 7, S-dimethyl-(XVI), 
compounds.
Yield 591. Melting point 130°C decomp.
Found C 41.79, K 3.83, N 7.25.
Required for C1 3 I^N2 06 .5H20 C 41.72, K 3.77, N 7.49.
Five-membered ring oxocarbon condensation products.
(a) Quinoxalino- (2,3-d) -2,3-dihydroxy-cyc lopent adien-1 -one
heni hydrate (XXII).
This compound was prepared from croconic acid and 
o-phenylenediamine using the method, of Eistert ot aJ. 9 3  
Yield 791. Melting point ~28C°C decomp.
Found £ C 59.39. K 3.17, N 12.83.
( ' s 
( C 59.28, H 3.44, N 12.78.
Required for Cn H6N2 Q3. lll20 C 59.19, H 3.17, N 12.55.
CiiH6N2 03.H20 C 65.90, II 3.47, N 12.07.
(b) 6 ,7-dimethyl-quinoxalino-(2 ,3-d)-2 ,3-dihydroxy-cyclopentadien-
I-one hydrate (XXIII).
This compound was obtained from croconic acid and 4,5-dimethyl- 
1 ,2 -diamino-benzene usii'g the same preparative method as for 
compound (XXII).
Yield 84%. Melting point >300°C.
Found C 59.88, H 4.67, N 10.64.
Required for C1 3 H1 0 N2 O3 .H2O C 59.99, H 4,65, N 10.77.
(c) Quinoxalinc-(2,3-d)-cyclopentane-1,2,3-trione hydrate (XXIV),
Compound (XXII) (1.05 g) was added in small portions to ice- 
cold, stirred concentrated nitric acid. After the reaction was 
completed the solution was diluted with water and the yellow 
solid collected by filtration and washed with cold water, 
acetone and ether.
Yield 1.05 g (97%). Melting point 225°C decamp.
Found C 57.28, H 2.51, N 12.65.
Required for Cx 1Hl+N2 03 J1 2 0  C 57.39, H 2.64, N 12.17,
(d) Diquinoxalino-(2,3-29 ,39 -b ,d)-cyclopentadien-l-one (XXV).
Leuconic acid pentahydrate (1 g. 0.00435 mole) was dissolved in 
warm dilute acetic acid (25 ml. 1 0 % v/v). o-Fhenylenediamine 
(1.0 g. .0092 mole) was also dissolved in warm dilute acetic 
acid (25 ml). The two solutions were mixed and allowed to cool. 
Hie yellow-green solid was filtered off and washed with water, 
ethanol, acetone and ether. The product was recrystallized from 
chloroform.
Yield 1.2 g (92%). Melting point >3Q0°C.
Found C 71.81, II 3.16, N 19.62.
Required for C1 7 H8N„.0 C 71.82, H 2.84, N 19.71.
(e) 6 ,7-69 ,79-Tetramethy1-diquincxalino-(2,3-29 ,39-b,d)-
cyclopentadien-l-cne (XXVI).
This compound was prepared from Ieuconic acid and 4,5-dimethyl- 
1, 2 -diaminc-benzene in the same way as compound (XXV).
Yield 74%. Melting point >3C0°C.
Found C 73.87, H 5.26, N 16.22,
Required for C^H^Ni+O C 74.10, H 4.74, N 16.46.
Polycondensation products.
(a) Quinoxalino-(2,3-a)-3,i-dihydroxy-phenazine hydrate (XIII).
This compound was obtained from rhodizonic acid dihydrate and 
o-phenylenediamine according to the method of Eistert et al.s~ 
Yield 74%. Melting point 295 - 305°C decomp.
Found C 64.19, H 3.66, N 16.54.
Required for C1 8 H1 0 NitO2 .H2O C 65.05, II 3.64, N 16,86,
Quirtoxalino- (2,3~a)~phenazino-3,4-dione dihydrate (XXI).
Ifcis compound was obtained by the oxidation of compound (XIII)
using the method cf Eistert et al. 9 3
Yield quantitative. Molting point 220°C decamp.
Diquinoxalino-(2,3-2’,3'-a,c)-phenazine (XIX).
Triquinoyl octahydrate (1 g. 0.0032 mole) was dissolved in hot 
dilute acetic acid (25 ml. 10% w/v). o-Phenylenediamine (1.1 g 
0.010 mole) was also dissolved in hot dilute acetic acid (25 ml.),, 
The two solutions were mixed and allowed to cool. The yellow- 
green precipitate was collected by filtration and washed with 
water, ethanol and acetone. The compound was purified by 
dissolving in hot glacial acetic acid, containing a few drops of 
concentrated hydrochloric acid. Upon cooling green crystals 
were obtained. These were filtered off and washed with etliancl, 
acetone and ether.
Yield 1.0 g (75%). Melting point >300°C.
Found C 74.86, H 3.30, N 21.78.
6,7-6’,/’-Tetramethyl-diquinoxalino-(2,3-2’3’-a,c)-7,8 -dimethyl-
phenazine dihydrate (XX).
This compound was prepared from triquinoyl octahydrate and 
4,5-dimethyl-l, 2 --diamino-benzene in the same way as compound 
(XIX). The product was purified by dissolving in chloroform 
and passing this solution down an alumina packed column. The 
pale green compound was eluted with chloroform and isolated by 
the removal of the solvent under reduced pressure.
Yield 55%. Melting point >3C0°C.
Found C 71.26, II 5.68, N 16.83.
Required for C3 0 H21iN6 .2H2O C 71.41, H 5.59, N 16.66.
Found
Required for C1 8 H8Nd3 2 .2 n2 0
C 62.27, H 3.56, N 16.28. 
C 62.07, H 3.47, N 16.09.
Required for C^H^Ns C 74.99, H 3.14, N 21.87.
- 185
7. Squaric acid condensation products.
The general procedure used for the preparation of the 
cyclobuta-(b)-quinoxalines may be illustrated by the method 
used for the preparation of 1,2,3,8-tetrahydro-1,2-dioxo- 
cyclobuta-(b)-quinoxaline (A).
(a) 1,2,3,8 -tetrrdiydrO‘-l s 2-dioxo-cyclobuta- '(b) -quinoxaline (A).
Squaric acid (0.75 g. 0.0066 mole) was dissolved in hot water 
(10 ml.). o-Fhenylenediamine (0.75 g. 0.0069 mole) was 
dissolved in hot sulphuric acid (10 ml. 25% w/v). The two 
solutions were mixed and heated at 90° to 100°C for a few 
minutes and then allowed to cool to room temperature. The red 
precipitate was collected by filtration and washed with water, 
ethanol and acetone. Hie product was recrystallized from 
N,N-dimethyl formamide and water (90/10 v/v).
Yield 0,6 g (49%). Melting point ~330cC decorro.
Found £ C 64.41, H 3.35, N 14.96.
( C 64.29, H 3.51, N 15.19.
Required for C1 0 H6W2 O2 C 64.51, H 3.25, N 15.05.
(b) 5-methyl-l,2,3,8 -tetrahydro-l,2-dioxo-cyclobuta-(b)-quinoxaline
(B)
Brown, solid.
Yield 34%. Melting Point "280 - 290°C decomp.
Found £ c 65.82, H 4.09, N 13.87.
( C 65.80, H 4.01, N 13.88.
Required for Cn H6 N2 02 C 65.99, H 4.03, N 13.99.
(c) 5,6 -dimethyl-1,2,3,8 -tetrahydro-l,2-dioxo-cyclobuta-(b)-
quinoxaline (C)
Orange solid.
Yield 51%. Melting point 285 - 295°C deconp.
Found C 66.82, H 4.79, N 12.89.
Required for C1 2 H1 0 N2 O2 C 67.28, H 4.71, N 13.08.
5-ch] oro~l s 2,3,8-tetrahydro-l,2-dioxo-cyclobuta- (b) --quinoxaline (D) ,
Brown crystals.
Yield 411. Melting point 305 - 310°C deccnp.
Found
Required for Cj 0 1I5N2 O2 CI
C 54,38, H 2.61, N 12.73. 
C 54.44, H 2.28, N 12.70.
(e) 5-carboxyl-1,2,3,8 -tetrahydro-l,2-dioxo-cyclobuta-(b)-quinoxaline
(f) 5-nitro-l,2,3,8 -tetrahydro-l,2-dioxo-cyclobuta-(b)-quinoxaline
o-Phenylenediamine-squaric acid (2:1) salt.
Squaric acid (1.0 g. 0.0088 mole) was dissolved in hoc 
water (15 ml.). o-Phenylenedianine (2.0 g. 0.0185 mole) was 
dissolved in hot dilute acetic acid (25 ml. 101 v/v). The two 
solutions were mixed and heated for a few minutes. Upon cooling 
a colourless crystaline precipitate was obtained. This was 
filtered off and washed with cold water, and small amounts of 
ethanol, acetone and ether.
Yield 1.86 g (61%). Melting point 130°C decomp.
hydrate (E).
Yellow solid.
Yield 25%. Melting point >310°C. 
Found
Required for C1 1 H6N2 0 it.H2 0
C 52.99, H 3.45, N 11.45. 
C 53.23, H 3.25, N 11.29.
hydrate (F)
Red-brown solid.
Yield 20%. Melting point ~290 - 295°C decamp.
Found
Required for C1 oH5N3 Oit.H2 0
C 48.96, H 2.93, N 16.77. 
C 48.20, H 2.83, N 16.87.
Found
squired for C1 6 H1 8 Ni+Ot
( 'C 58.17, H 5.49, N 16.96. 
C 58.07, H 5.42, N 16.85.
9. Bis (o-phenylen&cLiamine) nickel (I I) squarate.
The o-pheny lenediamine-snuaric acid salt (0.8 g. 0.0024 mol 
was dissolved in hot water (10 ml). Nickel acetate (0.3 g. 
0.0012 mole) was also dissolved in hot water (10 ml). The two 
solutions were mixed and allowed to cool to room temperature.
The pale blue precipitate was filtered off and washed with 
water, ethanol, acetone and ether.
Yield 0.39 g (841). Melting point 285 - 295°C decamp.
Found C 49.23, H 4.46, N 14.39,
Residue 18.93.
Required for Ci^gN^O^Ni C 49.66, K 4.16, N 14.48,
NiO 19.31.
10. Bis(o-phenylenediaxdne)-copper (II) squarate monohydrate.
This complex was prepared in the same way as the nickel 
complex, from cupric acetate and the o-phenylensdiamine-sqasric 
acid salt. The complex was isolated as fine turquoise needles. 
Yield quantitative. Melting point 175-195°C. decomp.
Found C 46.47, H 4.70, N 13.53,
Residue 13.10.
Required for C1 glqgll^ O^ Cu.E^ O C 46.88, H 4.43, N 13.,67,
Cu20 17,4T  
CuO 19.40.
B. Instrumental
(1) Infrared spectra.
Infrared spectra were measured on a Perkin-Tlmer 337E grating
- 1spectrophotometer, range 4,000-400 cm . All the samples were
prepared as nujol and hexacblorobutadiene mulls. Seme measurements
were also taken with a Perkin-Elmer 457 spectrophotometer in the 
- 1region 600-250 cm .
The far-infrared spectrum, 410-110 cm  ^region, of 
tetrahydroxy-p-benzoquinone dihydrate was obtained with a R.I.I.C.
FS 520 interferometer. Measurements were made both at room 
temperature and at liquid nitrogen temperature.
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(2) Ultraviolet-visible spectra.
Absorption spectra in the region 2CO-650 nip were obtained with 
a Zeiss RFO 20A recording spectrophotometer.
Solid diffuse reflectance spectra were measured with a Unicam.
SP 700 spectrophotometer, range 50,000 cm  ^to 4,000 cm "K
(3) Proton magnetic resonance spectra.
Hie * II MIR spectra were measured on a Perkin-Elner R10 
instrument (frequency 60 MHz). Tetramethylsilane was used as an 
internal reference in all measurements.
(4) Nitrogen-14 magnetic resonance spectra.
The 1 im spectra were obtained with a Varian HR-60 M IR 
spectrometer operating at 4.33 MHz (14,1C0 gauss). Nitromethane 
was used as an internal reference in all measurements.
(5) Mass spectra.
The mass spectra were measured with an AEI MS 12 mass spectrometer. 
An electron bean energy c£ 70 eV5 with the ionizing current at 100 yA, 
was used in all measurements. Some 12 eV, 20 yA spectra were also 
run in order to obtain simplified spectra. The samples were 
introduced via the direct insertion probe.
(6 ) Magnetic measurements.
The magnetic measurements on the two metal complexes were 
carried out on a Gouy balance at room temperature. Tris -- 
(ethylenediamine) nickel (II) thiosulphate was used as a standard.
Values of magnetic moments were corrected for ligand and water of 
crystallisation.
(7) Elemental analyses.
The determinations of C, H and N were carried out by the 
Microanalytical Laboratory of the Max Planclc Institute in Germany.
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(8 ) Caaputer calculations.
All molecular orbital calculations were carried out with an 
Elliott 503 computer with the programing language an Elliott 
form of Algol.
The ISidkel M.O. fs and the M.O. energies were calculated by the 
Jacobi matrix diagonalization procedure.
In the P-P-P calculations from the g „ v matrices and atomic
y v s ' y v
co-ordinates the SCF orbitals, Cl elements and the contributions 
from each, singly excited configuration to the transition moment were 
obtained.
Cl matrices were set up and diagonalized giving the state energies 
and the contribution of the appropriate singly excited configuration 
to each state. From the contribution of each configuration to a 
given state and to the transition moment the transition moments and 
oscillator strengths were calculated.
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